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Abstract 
Zeaxanthin-biofortified sweet-corn hybrids are novel super sweet-corn that have been 
developed in Australia with the objective to provide sufficient zeaxanthin (2 mg per day), 
equivalent to that recommended for synthetic supplements) with the consumption of one 
cob daily, to reduce the progression of macular degeneration. Macular degeneration is the 
leading cause of blindness in the developed world and is responsible for 50 % of all cases 
of blindness in Australia. A decline in the macula carotenoid pigments, lutein and 
zeaxanthin, has been associated with macular degeneration. Humans cannot synthesize 
carotenoids, and therefore need to obtain these from dietary sources (or synthetic 
supplements). Generally, lutein is easier to obtain in a normal diet as it can be found in 
most green vegetables. By contrast, zeaxanthin is relatively scarce and only present in 
some yellow and orange-pigmented food sources. The zeaxanthin-biofortified sweet-corn 
was developed by conventional breeding to increase total carotenoid synthesis and 
accumulation, but also to increase synthesis of β-branch carotenoids (which includes 
zeaxanthin) at the expense of α-branch carotenoids (which includes lutein). Because of the 
relative novelty of zeaxanthin-biofortified sweet-corn, there is currently no information 
related to factors that may affect carotenoid concentration in these hybrids, or any 
information in regard to the effect of these factors on general product quality. This thesis 
represents the first approach to generate knowledge about the accumulation of 
carotenoids in four zeaxanthin-biofortified hybrids and how they can be influenced by 
factors such as kernel maturity, summer and autumn growth environments, kernel position 
on the cob, kernel structure, and storage temperature. The work was divided into separate 
studies, in which the assessment of quality parameters such as external kernel colour, 
moisture, total soluble solids, total protein, and total starch content were included, to meet 
the objectives of each study. Significant differences (p < 0.05) between the carotenoid 
accumulation and profile of the four zeaxanthin-biofortified hybrids were shown in this 
study. The carotenoid profile of all hybrids was significantly affected by the harvest 
season. Under summer growing conditions, zeaxanthin and total carotenoid concentration 
(TCC) were up to 2-fold higher compared to growth in autumn. Kernel maturity was shown 
to have a significant influence on TCC, with most carotenoids peaking in concentration at 
later stages of kernel maturity, when measured on a fresh weight (FW) basis. Carotenoids 
measured on a dry weight (DW) basis appeared to peak earlier and then decline at later 
stages of kernel maturity. These differences were due to the concurrent loss of moisture 
content as kernels matured, thus concentrating any carotenoids based on FW, despite 
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their apparent reduction on DW. Kernel position along the cob also affected TTC, though 
to a lesser degree than either seasonal growing conditions or kernel maturity. A trend was 
observed in which, kernels located at the tip-end of the cob had higher TCC, compared to 
kernels located at the middle and the base. Despite the above trend, the higher 
concentration only was significant for zeaxanthin (and TCC), such that kernels located at 
the tip-end of the cob had 20 % more zeaxanthin. Influence of kernel structure on 
carotenoids was further evaluated to determine the contribution of the germ and 
endosperm fractions to the whole kernel carotenoid content. Significant differences 
between the carotenoid profile and TCC in the endosperm compared to the germ were 
found. The germ showed a carotenoid profile with a higher proportion of β-branch 
carotenoids compared to the endosperm, but despite this difference, the carotenoid 
contribution of the germ to the whole kernel was relatively small, due to a substantially 
lower weight in comparison to the endosperm. The proportion of vitreous to starchy 
endosperm was observed to be larger in kernel sections of the zeaxanthin-biofortified 
hybrids compared to a commercial yellow sweet-corn. This higher proportion of vitreous 
endosperm was linked to a greater concentration of carotenoids and protein, and was 
potentially a means of allowing greater carotenoid accumulation in zeaxanthin-biofortified 
kernels. Postharvest storage temperature at -20 °C was further shown to have a significant 
impact on carotenoid retention. Zeaxanthin and β-branch carotenoid concentration 
decreased in cobs that were immediately stored at -20 °C after harvest. However, when 
cobs were preconditioned at 4 °C before being transferred to -20 °C, carotenoids were 
shown to be stable at this lower temperature over an assessment period of three months. 
Overall, this study has shown that zeaxanthin and TCC were affected by all the factors 
evaluated. Taking all these factors into account, it is possible to supply sufficient 
zeaxanthin (2 mg), equivalent to a synthetic supplement, in a cob of sweet-corn. It should 
be noted that this will be more difficult to achieve under autumn growing conditions, and 
the option of using cobs harvested in autumn with kernels of more advanced maturity to 
offset this reduction in zeaxanthin concentration, should be measured against an 
associated potential loss in eating quality.  
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CHAPTER 1 General introduction 
1.1. Background  
Zeaxanthin and lutein are carotenoid pigments which are actively accumulated in the 
human macula, potentially to act as blue-light filters and scavengers of free radicals. As 
humans cannot synthesise these compounds, they must be derived from dietary intake or 
supplementation. A deficiency of macular zeaxanthin and lutein has been associated with 
the development of macular degeneration, an age-related eye disease which is the main 
cause of blindness in developed countries. While lutein is abundant in green leafy 
vegetables, zeaxanthin is relatively rare and can be found only in small amounts in some 
orange fruit and vegetables. In the Australian diet, sweet-corn has perhaps the highest 
zeaxanthin concentration of all vegetables consumed, although one would have to 
consume between 4 to 11 cobs of corn per day to achieve what is normally prescribed in 
macular supplement formulations. In this respect, zeaxanthin-biofortified sweet-corn has 
recently been developed through conventional breeding, in which consumption of a small 
cob of sweet-corn can now supply a supplemental dosage of zeaxanthin (2 mg per day). 
The zeaxanthin-rich sweet-corn is different in appearance to standard yellow sweet-corn, 
being a deeper golden-orange colour. In sweet-corn, as in other plant products, many 
factors can potentially affect carotenoid content. Factors affecting carotenoid 
concentration, including environmental conditions during cob development, kernel maturity 
and position, and postharvest storage, have not been well documented in sweet-corn, and 
information is totally lacking for the newly developed zeaxanthin-biofortified sweet-corn 
lines. The overall aim of this study was to provide an understanding of the factors affecting 
carotenoid content and its relationship with colour and principal quality parameters in 
zeaxanthin-biofortified sweet-corn. 
1.2. Hypothesis and aims 
The hypothesis for this research is that carotenoid content is affected by genotype, kernel 
physiological maturity, kernel position on the cob, internal distribution within the kernel, 
and postharvest storage.  
The specific aims of this project were to evaluate differences on the carotenoid profile of 
four different zeaxanthin-biofortified sweet-corn hybrids and to explore the effect of 
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physiological maturity and growth conditions on the carotenoid profile (Chapter 4); to 
evaluate the effect of kernel position on the cob on carotenoid profile; to explore 
carotenoid distribution internally within the kernel (Chapter 5), and; to evaluate the effect of 
postharvest cool temperature storage on carotenoid content (Chapter 6). 
The introductory section (Chapter 1) of this thesis provides a comprehensive overview into 
the PhD project with the hypothesis and aims. Literature review (Chapter 2) provides a 
summary of the current scientific knowledge of zeaxanthin-biofortified sweet-corn along 
with its health promoting properties, carotenoid synthesis, corn kernel structure and 
storage conditions. The general methodology (Chapter 3) includes the methods used to 
plant and harvest the sweet-corn and to determine the physico-chemical and nutritional 
properties of zeaxanthin-biofortified sweet- corn hybrids. The experiments that were 
undertaken fall under 3 studies, outcomes from which are presented in the form of 
(Chapters 4, 5, and 6). Differences on the carotenoid profile of four different zeaxanthin-
biofortified sweet-corn hybrids and to explore the effect of physiological maturity and 
growth conditions on the carotenoid profile (Chapter 4); to evaluate the effect of kernel 
position on the cob on carotenoid profile; to explore carotenoid distribution internally within 
the kernel (Chapter 5), and; to evaluate the effect of postharvest cool temperature storage 
on carotenoid content (Chapter 6). Finally the overall conclusions of the PhD project along 
with future recommendations are provided in Chapter 7. 
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CHAPTER 2 Literature review 
2.1. Carotenoids, macular degeneration and sweet-corn 
Photosynthetic organisms, including plants, algae and cyanobacteria are able to 
synthesise carotenoids, and they also can be synthetised by some non-photosynthetic 
organisms such bacteria, fungi, and yeast (Lu & Li 2008; Rosati et al. 2009). Carotenoids 
comprise a group of more than 600 pigments with colours ranging between yellow to red 
(Burt et al. 2011). 
Humans are not able to synthesise carotenoids (Saini & Keum 2018) and therefore they 
must be derived from food in order to be incorporated into tissues such as muscles, liver, 
eyes, skin, blood and adipose tissue (Strzałka et al. 2003; Fiedor & Burda 2014).  
Carotenoids are important to human health partly due to their antioxidant properties, and 
they also have been recognised as immune system regulators (Dwyer et al. 2001; Burt et 
al. 2011; Saini et al. 2015). Carotenoids have been demonstrated to delay progression of 
cardiovascular diseases, degenerative diseases and certain cancers (Ma & Lin 2010; 
Cocate et al. 2015; Esteban et al. 2015). A number of carotenoids (α-carotene, β-carotene 
and β-cryptoxanthin) can also be converted into vitamin A (Yan et al. 2010; De Moura et 
al. 2015; Saini & Keum 2018).  
Lutein and zeaxanthin are referred to as ‘macular carotenoids’ or ‘macular pigments’, as 
they are accumulated in the human macula and are important for eye health (Davies & 
Morland 2004; Ma & Lin 2010; Burt et al. 2011). In addition, lutein and zeaxanthin may 
reduce the risk of developing atherosclerosis (Kishimoto et al. 2017), as well as breast and 
prostate cancer (Rafi et al. 2015; Rosen & Hu 2018), and may have potential protective 
effects on the brain (Johnson 2012). 
The highest concentration of zeaxanthin and lutein within a human tissue has been found 
in an area with a depression in the middle of the retina called the fovea (Landrum et al. 
1999). The fovea is where the cone photoreceptors have their maximum density and allow 
highest visual acuity (Snodderly 1995). The high density of zeaxanthin and lutein in the 
fovea produces a visible yellow spot both in the fovea itself and the immediate surrounding 
area, together which is called the macula lutea (Schalch et al. 2007). The high 
consumption of oxygen in the retina makes it susceptible to oxidative stress (Beatty et al. 
2000). Lutein and zeaxanthin can act directly as blue light filters limiting the action of 
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reactive oxygen species (ROS), or indirectly as antioxidants, protecting the macular tissue 
from phototoxic damage (Whitehead et al. 2006; Burt et al. 2011; Loskutova et al. 2013). 
In the particular case of zeaxanthin, it has been proposed that it directly protects the 
membranes against lipid peroxidation and reactive radicals (Sajilata et al. 2008). 
Zeaxanthin has three different isomers, (3R,3’R)-zeaxanthin, (3R,3’S-meso)-zeaxanthin, 
and (3S,3’S)-zeaxanthin (Bone et al. 1997; Johnson et al. 2005). The forms (3R,3’R)-
zeaxanthin and (3R,3’S-meso)-zeaxanthin have been found in the retina at similar 
concentrations, whilst the form (3S,3’S)-zeaxanthin is found in a lesser amount (Bone et 
al. 1993). As only lutein and (3R,3’R)-zeaxanthin (zeaxanthin itself) have been found in 
human blood plasma (Bone et al. 1993; Bone et al. 1997), it is believed that (3R,3’S-
meso)-zeaxanthin (meso-zeaxanthin) and (3S’3’S)-zeaxanthin can be formed in the 
human retina as an oxidative metabolite of lutein and zeaxanthin itself (Landrum et al. 
1999). In particular, meso-zeaxanthin is proposed to be formed from lutein (Bone et al. 
1997), however (3R,3’R)-zeaxanthin is unable to be converted from lutein or any other 
zeaxanthin form, and has a dietary origin (Johnson et al. 2005). 
Macular degeneration, also known as age-related macular degeneration (AMD), is 
associated with a decline in lutein and zeaxanthin concentration in the macula, and occurs 
late in life, provoking loss of acute vision in the fovea (Snodderly 1995). AMD is the main 
cause of blindness in developed countries (Resnikoff et al. 2004; Wong et al. 2014).  
Worldwide, AMD affects about 8.7 % of the population over 50 years (Wong et al. 2014), 
and it has been reported as the third leading cause of blindness (after cataract and 
glaucoma) (Resnikoff et al. 2004). It is expected that 196 million of people will have age 
related macular degeneration by 2020, whilst for 2040 the numbers will increase to 288 
million (Wong et al. 2014).  
Different studies have pointed to the importance of the genetic influence over the 
prevalence of AMD in the world (Mitchell et al. 1995; Krishnan et al. 2010; Mathenge et al. 
2013; Hashemi et al. 2014; Velez-Montoya et al. 2014; Robman et al. 2015; Bastawrous et 
al. 2017; Cheung et al. 2017; Colijn et al. 2017; Song et al. 2017; Thapa et al. 2017). 
Although comparisons between these studies are difficult due to differences in diagnostic 
techniques, age, diet, lifestyle, and environmental factors, in general, the prevalence of 
AMD has been reported to be higher in western populations (people with European 
ancestry) (Wolf-Schnurrbusch et al. 2007; Mathenge et al. 2013; Velez-Montoya et al. 
2014; Wong et al. 2014; Robman et al. 2015). For example, a study in the USA showed an 
AMD prevalence of 2.4 % in Africans, 4.2 % in Hispanics, and 4.6 % in Chinese decent 
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individuals, compared to 5.4 % in white Americans (Velez-Montoya et al. 2014). In 
Australia, AMD is responsible for 50 % of all cases of blindness, mainly affecting people 
over the age of 50 (Macular Desease Foundation Australia n.d.). 
Maize (Zea mays L. spp), which is one of the largest food crops in the world (Wilson et al. 
2004; Nuss & Tanumihardjo 2010) is known for its relatively high carotenoid concentration, 
in which the predominant carotenoids are lutein, zeaxanthin, β-carotene, β-cryptoxanthin, 
and α-carotene (Scott & Eldridge 2005; Harjes et al. 2008; Kean et al. 2008). These 
carotenoids have also been reported to be the main carotenoids in yellow sweet-corn 
(Scott & Eldridge 2005; Junpatiw et al. 2013). Maize has been identified as an important 
cereal with potential to solve food supply problems; it is also used to feed animals, and to 
produce industrial products. Its carotenoid content, relatively easy production and storage, 
make this crop ideal as a potentially useful dietary product for breeding to enhance the 
content of total or specific carotenoids (Burt et al. 2011; Da Silva Messias et al. 2014). 
Most biofortification breeding programs with maize have been focused on improving β-
carotene concentration, with the objective of developing biofortified lines as a plant source 
of pro-vitamin-A (Li et al. 2010b; Wurtzel et al. 2012; Da Silva Messias et al. 2014). The 
development of varieties with high levels of lutein and zeaxanthin, also has been 
recognized as important, due to their importance in preventing the progression of age-
related macular degeneration (Da Silva Messias et al. 2014). However, the availability of 
biofortified products with macular carotenoids is limited. In particular, an improvement in 
zeaxanthin content is a desirable trait to incorporate into crops in order to increase the 
intake of this phytonutrient (Esteban et al. 2014). 
Apart from corn, zeaxanthin can be found in small amounts in egg yolks, and some 
vegetables and fruits with orange, yellow, red, and pink colours (Davies & Morland 2004; 
Sajilata et al. 2008). In contrast to zeaxanthin, lutein is found in a wider range of food 
sources, especially green leafy vegetables (Davies & Morland 2004). 
In Australia, high zeaxanthin sweet-corn hybrids have been developed from the tropical 
super sweet-corn breeding population known as ‘Pro2’, from which was also derived the 
commercial yellow sweet-corn hybrid, ‘Hybrix 5’. The zeaxanthin-biofortified sweet-corn 
hybrids have approximately 1100 % (11 times) higher zeaxanthin compared with ‘Hybrix 
5’, and are characterised by a general increase in total carotenoids, and a shift in flux 
away from the lutein-branch towards the zeaxanthin-branch of the carotenoid biosynthesis 
pathway (Figure 2.1). Kernel colour is another important difference between zeaxanthin-
biofortified sweet-corn hybrids and commercial yellow sweet-corn, with the biofortified 
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hybrids having an orange or golden colour compared with the yellow colour of commercial 
sweet-corn (O'Hare et al. 2014; O’Hare et al. 2015). 
Sweet-corn has at least three different genotypes sugary (su), sugary enhanced (se) and 
shrunken 2 (sh2) (Hale et al. 2005a). Compared to su, sugary enhanced (a mutant of su) 
has higher levels of sugar but similar levels of the water soluble polysaccharide: 
phytoglycogen (Gonzales et al. 1976; Hale et al. 2005b). The sh2 mutation is 
characterized by having more than three times the sucrose content of the su sweet-corn, 
and lower amounts of the starch component phytoglycogen compared to su and se 
genotypes (Ferguson et al. 1979; Wong et al. 1994). Consequently, varieties with the sh2 
mutation are known as ‘super-sweet’ corn, in contrast to regular (su and se) sweet-corn. 
The zeaxanthin-biofortified sweet-corn hybrids above have been developed with the 
shrunken 2 gene mutation (O’Hare et al. 2015). 
A comparison of zeaxanthin and lutein concentrations in zeaxanthin-biofortified sweet-corn 
compared to a range of other maize varieties, as well as orange capsicum (Capsicum 
annuum spp), which is known for its relatively high zeaxanthin content, is shown in table 
2.1. 
Zeaxanthin-rich potatoes (Solanum tuberosum L. spp) appear to be the only other product 
(apart of zeaxanthin-biofortified sweet-corn) which have been modified to enhance 
zeaxanthin content 23 μg g-1 (FW), however these potatoes have been genetically 
modified (Bub et al. 2008). 
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Table 2.1. Lutein and zeaxanthin concentration in zeaxanthin-biofortified sweet-corn 
compared with other different maize varieties and products. 
Product Zeaxanthin Lutein Reference 
Zeaxanthin-biofortified sweet-corn 25 μg g -1 (FW) 5 μg g -1 FW (O’Hare et al. 2015) 
Maize landraces (colours from dark yellow, 
and orange) 
2 - 27 μg g -1 
(DW) 
4 - 35 μg g -1 
(DW) 
(Da Silva Messias et al. 
2014) 
Maize (best lines from germplasm survey) 59 - 65 μg g -1 
(DW) 
58 - 66 μg g -1 
(DW) 
(Burt et al. 2011) 
B73 maize (yellow corn line) 7 μg g -1 (DW) 13 μg g -1 (DW) (Li et al. 2010a) 
Maize (levels in the best studied line) 25 μg g -1 (DW) 20 μg g -1 (DW) (Farre et al. 2011) 
Pro-vitamin A maize  25 μg g -1 (DW) 19 μg g -1 (DW) (Menkir et al. 2008)  
Capsicum annuum (orange capsicum) 42 μg g -1 (FW) 40 μg g -1 (FW) (Kilcrease et al. 2013) 
FW = fresh weight basis. DW = dry weight basis.  
2.2. Carotenoid importance and biosynthesis 
2.2.1. Importance 
Carotenoids belong to the isoprenoid group of chemical compounds, specifically tetra-
terpenes. Due to a conjugated double bond system, they absorb light in the range of 350-
500 nm (Strzałka et al. 2003). All carotenoids are fat-soluble (Balconi et al. 2007) and have 
a variety of functions in plants. They commonly act as accessory pigments which harvest 
light for photosynthesis. Under low light conditions they act as antennae, harvesting light at 
wavelengths not absorbed by chlorophylls (Strzałka et al. 2003) and are part of the 
structure of the photosynthesis apparatus. They also act as photo-protectors for adaption 
to high levels of light (Lu & Li 2008) and heat stress protective agents for plant membranes 
against reactive oxygen species and lipid peroxidation (Shumskaya et al. 2012). 
Additionally, they are precursors in the biosynthesis of hormones that participate in stress 
and developmental signalling (Shumskaya et al. 2012).  
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Carotenoids fall into two groups, known as carotenes and xanthophylls (Burt et al. 2011; 
Wong et al. 2013). Xanthophylls, which include the macular carotenoids, lutein and 
zeaxanthin, differ from carotenes in that they contain oxygen, in addition to hydrogen and 
carbon atoms. Carotenes and xanthophylls act differently in their ability to modify 
membranes, due to the absence or presence of the oxygen-containing group (Strzałka et 
al. 2003). 
2.2.2. Phytoene synthase in maize 
In plants, phytoene synthase (PSY) is the enzyme which catalyses the first step in the 
carotenoid biosynthetic pathway (Shumskaya et al. 2012; Da Silva Messias et al. 2014). In 
maize, three PSY isoenzymes are currently known (Zm-PSY1, Zm-PSY2 and Zm-PSY3), 
with Zm-PSY1 being specifically associated with endosperm carotenogenesis (Li et al. 
2008b; Li et al. 2010a; Shumskaya et al. 2012; Da Silva Messias et al. 2014). 
Zm-PSY1 can be polymorphic among different varieties of maize (Zea mays L. spp), which 
could explain the divergent expression patterns of colour among varieties (Da Silva 
Messias et al. 2014). In the specific phenotype of maize with white kernels, the Zm-PSY1 
carries a null mutation (Balconi et al. 2007; Vallabhaneni & Wurtzel 2009). 
In etiolated maize seedlings, Li et al. (2008b) found that Zm-PSY1 was expressed 
approximately 3-fold higher than Zm-PSY2, while in light conditions Zm-PSY2 was 6-fold 
higher than a control unexposed to light. Photoinduction of Zm-PSY2 seems to be linked 
with carotenogenesis in photosynthetic tissues while Zm-PSY1 and Zm-PSY3 are 
unresponsive to light. PSY3 has been associated with carotenogenesis under stress 
conditions like drought and salinity, creating a flux of carotenoids necessary for abscisic 
acid (ABA) biosynthesis in roots (Li et al. 2008a). Zm-PSY2 and Zm-PSY3 have been 
reported to be at higher levels in the embryo than Zm-PSY1 (Li et al. 2008a). 
In normal yellow maize and the Y1-8549 mutant (a mutant lacking Zm-PSY1), an increase 
of temperature to 37 °C in seedlings under dark conditions caused a 220 % increase in the 
level of carotenoids in the normal maize compared to that of the mutant. In light conditions 
and high temperature (37 °C), the carotenoid levels in the normal maize increased 6% 
compared with the mutant, in which the carotenes and xanthophylls were 3 % and 9 % of 
the original value. This reduction was associated with photo-oxidation of pigments. The 
results showed that Zm-PSY1 is not exclusively associated with synthesis of carotenoids 
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in the endosperm (Li et al. 2008b), but it is also related to etiolation and thermal tolerance 
(Li et al. 2008b; Shumskaya et al. 2012). 
2.2.3. Carotenoid biosynthesis 
Carotenoid synthesis (Figure 2.1) begins with the conversion of two molecules of geranyl 
geranyl pyrophosphate into 15-cis-phytoene by phytoene synthase (PSY) (Balconi et al. 
2007; Li et al. 2010a). Synthesis is then followed by four desaturation reactions that 
involve the participation of the enzymes phytoene desaturase (PDS) and zeta-carotene 
desaturase (ZDS), which creates the carotenoid chromophore. The result of these 
desaturation reactions is all-trans-lycopene which is converted by the carotenoid 
isomerase enzyme (CRTISO) (Hannoufa & Hossain 2012; Kandianis et al. 2013). 
All-trans-lycopene is cyclized by the enzymes lycopene β-cyclase and lycopene Ɛ-cyclase, 
which leads to two major branches in the carotenoid synthesis pathway the β-branch and 
α-branch (Hirschberg 2001; Farre et al. 2011). Manipulation of genes related with the 
enzymes involved in the cyclizing of lycopene could increase the flux through the β-
branch, and limiting the flux through the α-branch (Taylor et al. 2005; Chandler et al. 
2013). Lycopene β-cyclase (LCYβ) acts through the addition of the β-ionone rings to the 
lycopene molecule to form β-carotene (with two β-ionone rings), while lycopene Ɛ-cyclase 
(LCYƐ) and LCYβ act by adding an Ɛ-ionone ring and a β-ionone ring, respectively, to the 
lycopene molecule to form α-carotene (with one Ɛ-ionone ring and one β-ionone ring) 
(Cunningham et al. 1996; Taylor et al. 2005; Aluru et al. 2008; Lu & Li 2008) .  
The introduction of hydroxyl moieties involve the participation of β-carotene hydroxylase 
and carotene Ɛ-hydroxylase into the cyclic end groups resulting in the synthesis of β-
cryptoxanthin and zeaxanthin (from β-carotene), and α-cryptoxanthin, zeinoxanthin and 
lutein (from α-carotene) (Sun et al. 1996; Vallabhaneni et al. 2009). 
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Figure 2.1. Biosynthesis of carotenoids. 
Geranyl geranyl pyrophosphate (GGPP), phytoene synthase (PSY), phytoene desaturase (PDS), zeta 
carotene desaturase (ZDS), carotene isomerase (CRTISO), lycopene epsilon cyclase (LCYƐ), lycopene beta 
cyclase (LCYβ), carotene hydroxylases (HYD), β-carotene hydroxylase (CYP97A), Ɛ-carotene hydroxylase 
(CYP97C). Modified from (Hirschberg 2001; Aluru et al. 2008; Vallabhaneni et al. 2009; Farre et al. 2011; 
Hannoufa & Hossain 2012; Chandler et al. 2013; Kandianis et al. 2013). 
2.2.4. Xanthophyll cycle and zeaxanthin role in plants 
In most plants growing under strong light conditions, the pH in the thylakoid lumen 
decreases to about 5 units and zeaxanthin is rapidly formed from violaxanthin via the 
intermediate antheraxanthin (Esteban et al. 2014). This conversion is catalysed by the pH 
dependant violaxanthin de-epoxidase enzyme (VDE), and in darkness or at lower light, 
zeaxanthin is converted back again to violaxanthin in a reaction catalysed by zeaxanthin 
epoxidase (ZEP) (Jahns et al. 2009). This interconversion can happen within minutes to 
hours of darkening (Esteban et al. 2014) and is known as the xanthophyll cycle (Strzałka 
et al. 2003; Clausén et al. 2010; Esteban et al. 2014). As lutein is the equivalent to 
zeaxanthin in the α-branch of the biosynthesis pathway, it has been reported that excess 
of lutein could substitute for zeaxanthin in photoprotection (Taylor et al. 2005). The 
xanthophyll cycle is intrinsic to light harvest and photoprotection, and is a response to the 
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excess of light absorbed by chloroplasts and not used in photosynthesis. Therefore, it has 
been reported to be active only in photosynthetic tissues (Taylor et al. 2005). In non-
photosynthetic tissues like endosperm there is no documented evidence of an active 
xanthophyll cycle. 
Vallabhaneni and Wurtzel (2009) found that zeaxanthin epoxidase (ZEP) expression in 
maize (Zea mays L.) negatively affects carotenoid accumulation in the endosperm. The 
authors noted that in other plants having a ZEP mutant in which ZEP is non-functional, for 
example hp3 tomato, the carotenoids showed an increase of 30 % compared with non-
mutant tomato fruits. In Lycopersicon, Nicotiana, and Arabidopsis, studies have revealed 
that levels of ZEP mRNA in leaves are controlled by a circadian oscillator, having 
transcript peaks during the day and lower levels during dark (Duckham et al. 1991; Taylor 
et al. 2005). In potato tubers, an increase of levels of carotenoids through the β-branch, 
and particularly increases of zeaxanthin, were reported in conjunction with a low level of 
ZEP mRNA (Morris et al. 2004). 
Apart of its role in the xanthophyll cycle and abscisic acid (ABA) production, zeaxanthin 
has a particular function to dissipate excessive heat and light energy. Other functions 
include lipid protection against oxidative stress, an active role in radical scavenging, and 
regulation of fluidity and packing of membranes. The ability of zeaxanthin to lower the 
fluidity of thylakoid membranes has been observed in the temperature range between -35 
°C to 40 °C  (Strzałka et al. 2003; Rosati et al. 2009; Clausén et al. 2010; Esteban et al. 
2014). 
2.2.5. Carotenoid cleavage 
Carotenoids can be oxidated by chemical mechanisms or by non-specific enzymatic 
reactions derived by reaction oxygen species (ROS) (Ramel et al. 2012; Havaux 2014) 
involving lipoxygenases and peroxidases, however their mechanisms are still not well 
understood (Carail & Caris-Veyrat 2006; Walter & Strack 2011). Another better studied 
oxidative family of enzymes acting specifically on carotenoids is known as carotenoid 
cleavage dioxygenases (CCDs). This family is divided in the 9-cis epoxycarotenoid 
dioxygenases (NCEDs), which account five different class (NCED2, NCED3, NCED5, 
NCED6 and NCED9); and the CCDs enzymes (CCD1, CCD2, CCD4, CCD7 and CCD8) 
(Bouvier et al. 2005; Ohmiya 2009; Walter & Strack 2011; Frusciante et al. 2014) they act 
by cleaving specific double bonds of carotenoids to form apocarotenoids, however NCEDs 
are specific to only 9-cis isomers (Taylor et al. 2005). 
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Apocarotenoids have important functions in the development and growth of plants, they 
are important to attract pollinators and agents for seed dispersal, as well as participating in 
plant defence signals and regulation of plant architecture (Carail & Caris-Veyrat 2006). 
Vitamin A and ABA are the most important known apocarotenoids (Lu & Li 2008; Ohmiya 
2009). In non-photosynthetic tissues, synthesis of ABA seems to be limited by the 
production of β-branch xanthophylls which are its precursor (Taylor et al. 2005). A number 
of other apocarotenoids are related to a particular colour, flavour and aroma (Da Silva 
Messias et al. 2014). Volatile compounds such β-ionone, geranylacetone, β-cyclocitral, 
and pseudoionone are apocarotenoids whose formation involves CCD1 (Ohmiya 2009; 
Ramel et al. 2012). β-ionone, which results from β-carotene and β-cryptoxanthin cleavage, 
has been identified in higher quantities in experimental lines of zeaxanthin-biofortified 
sweet-corn compared to a commercial yellow sweet-corn, probably as a result of the 
higher concentration of β-arm carotenoids in the zeaxanthin-biofortified sweet-corn (Gallon 
et al. 2013). 
Crocetin, crocin, and picrocrocin (from the saffron spice Crocus sativus L.), which are 
synthesized from the cleavage of zeaxanthin (Ohmiya 2009; Bolhassani et al. 2014), and 
bixin (from the annatto seeds Bixa orellana) (Souza et al. 2016), which is synthesized from 
the cleavage of lycopene are other examples of apocarotenoids giving specific colours and 
flavours (Ohmiya 2009). 
2.2.6. Carotenogenesis in corn 
The accumulation of large amounts of carotenoids is characteristic of non-photosynthetic 
plastids (Shumskaya et al. 2012). In most plants, carotenoids have been found in the 
membrane of the plastids, which are known as the site in which the biosynthesis begins 
(Rosati et al. 2009; Shumskaya & Wurtzel 2013).  
Zm-PSY1 has been observed in the amyloplastic endosperm envelope membranes of 
maize, suggesting that this is the site of the biosynthesis of carotenoids in the kernels, (Li 
et al. 2008b). However, Shumskaya et al. (2012) found that Zm-PSY1 was associated with 
fibrillar plastoglobuli. Carotenoids are able to be identified by the detection of their 
fluorescence using confocal microscopy. Shumskaya et al. (2012) used this characteristic 
of the carotenoids and found them in fibrillar plastoglouli suggesting that fibrils are formed 
as result of large carotenoid amounts which cause plastid morphological change due to 
Zm-PSY1 enzyme activity. 
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Confocal microscopy has also been used to observe carotenoid increase in the 
endosperm (Li et al. 2008b). The authors found an increase in the transcript levels of Zm-
PSY1 during carotenogenesis in the endosperm from 10 to 22 days after pollination (DAP); 
from 22 DAP to 28 DAP, carotenoids started to decrease significantly in the yellow hybrid 
B73 maize; overall, between 10 and 28 DAP the carotenoids increased 26.4-fold. However 
most significant was the period between 10 and 16 DAP, in which the increase was 15.6-
fold. The authors suggest that accumulation of Zm-PSY1 is linked to endosperm and 
plastid biogenesis.  
Other authors such as Da Silva Messias et al. (2014) observed a low expression of Zm-
PSY1 until 16 DAP. After this period, continuous increments in expression occurred until 
22 DAP, with the carotenogenic genes reaching highest expression during the last stages 
of grain expansion (between 19 DAP and 22 DAP). 
In another study, Balconi et al. (2007) found that concomitant with carotenoid synthesis, 
the synthesis of starch and proteins began around 15 DAP and continued until seed 
desiccation (after 40 DAP). 
2.3. Kernel structure and distribution of carotenoids 
Maize kernels are composed of four principal structures: the bran or pericarp, endosperm, 
germ or embryo, and the tip (Naves et al. 2011) (Figure 2.2). The pericarp encloses the 
endosperm and embryo, while the endosperm contains the aleurone, and starchy and 
vitreous endosperms (Balconi et al. 2007) (Figure 2.2). 
The aleurone is the outermost layer, comprising of a uniform and single layer of cells 
(Gibbon & Larkins 2005) with large vacuoles. It accumulates protein, oil, and anthocyanins 
(Larkins et al. 2001). The next consecutive cell layer below the aleurone is called the 
subaleurone, in which cell divisions are often observed (Lending & Larkins 1989). 
Subaleurone cells are meristematic i.e. they have a function similar to that of a cambial 
layer (Lending & Larkins 1989). Starch and proteins are synthesised in the subaleurone 
and the endosperm (Balconi et al. 2007). 
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Figure 2.2. Zeaxanthin-biofortified sweet-corn kernel structure  
An image drawn based on Haard (1999), Nuss and Tanumihardjo (2010), and Encyclopaedia Britannica Inc 
(n.d.). 
Ford (2000) mentions that carotenoids are produced in the endosperm, while anthocyanins 
are found only in the aleurone. Ndolo and Beta (2013) found lutein and zeaxanthin in the 
aleurone, as well as the endosperm and embryo. In cereals, carotenoids that are 
accumulated in the endosperm are synthesized in amyloplasts (Wurtzel et al. 2012). 
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Subsequent to the subaleurone layer is the endosperm, which is formed by starch and 
storage proteins (Grogan & Blessin 1973). The endosperm can be divided into two 
different regions: the vitreous endosperm which transmits light, and the starchy endosperm 
which is opaque and does not transmit light (Gibbon & Larkins 2005). Vitreous endosperm 
is also called horny endosperm or glassy endosperm (Grogan & Blessin 1973) (Figure 
2.2). 
In vitreous endosperm, the starch granules appears to be more organised than in starchy 
endosperm, with no spaces between starch granules and with storage proteins in 
association with starch granules (Gibbon et al. 2003; Zhang et al. 2011). 
Dent corn is characterised by floury texture and non-transparent grains. Sweet corn has 
vitreous texture and semitransparent grains, while popcorn has largely vitreous texture and 
transparent grains (Zhang et al. 2011). 
Carotenoids in the kernel are associated mainly with the endosperm fraction, with the 
germ fraction having been reported to have only 2 % to 4 % of the total carotenoid content 
(Burt et al. 2011). In high carotenoid maize lines, the germ fraction represents about 10 % 
to 15 % of the grain weight and the contribution to the carotenoid content in the total grain 
is very small. In addition, in the endosperm the carotenoid profile exhibits a higher 
proportion of zeaxanthin to lutein, while in the embryo, the profiles have a more balanced 
zeaxanthin to lutein ratio (Burt et al. 2010). According to Grogan and Blessin (1973), 
approximately 80 % of the carotenoids are found in the vitreous endosperm, while only 
16.3 % and 1 % are found in the starchy endosperm and embryo. 
In a study carried out by Zhang et al. (2011), the vitreous endosperm showed a positive 
correlation between the levels of protein and soluble sugar. In the vitreous endosperm of 
the two types of corn evaluated (sweet-corn and popcorn), sweet-corn had higher protein 
and less starch content compared to popcorn. They both had smaller endosperm cells 
compared to dent corn wich has large starch granules. In the same study, starch granules 
were found to form sugar-starch compounds in the sugar matrix of sweet-corn. The sweet 
corn also had more protein bodies than dent corn but fewer than popcorn, and the protein 
bodies and starch granules were observed to be more cohesive in vitreous endosperm 
corn types. Starch-filled cells apparently become senescent, whereas aleurone cells 
remain viable in the dry seed (Balconi et al. 2007). 
In maize (Zea mays L.) studies, cell division in the endosperm is complete within 28 DAP. 
This period coincides with a parallel increase of protein. The initial phase in endosperm 
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development is characterised by a rapid accumulation of soluble constituents, in which the 
sugar content reaches a maximum at 20 DAP, but soluble nitrogen and amino-acids reach 
a peak around 28 DAP. After this period, a decrease of soluble nitrogen and amino acid 
content occurs, suggesting that these are utilised for the production of the zein storage 
protein (Ingle et al. 1965; Wong et al. 1994). A second increase in protein after 40 DAP 
was also an indicator of the production of a specialised storage protein (Ingle et al. 1965). 
2.4. Protein in Maize 
In maize (Zea mays L.), the proteins are represented by albumins and globulins (soluble in 
water), prolamins (soluble in alcohol) and gluteins (soluble in alkali solvents) (Righetti et al. 
1977; Hoffman & Shaver 2011). The combination of these proteins within the starch in the 
endosperm is called the starch-protein matrix (Hoffman & Shaver 2011). 
Prolamins in maize are specifically known as zein (Gibbon & Larkins 2005); they are the 
predominant proteins which constitute around 50 % to 70 % of the total protein (Righetti et 
al. 1977; Gibbon & Larkins 2005; Hoffman & Shaver 2011). Zeins are mainly present in the 
endosperm, glutein has been found in the endosperm and the embryo, while globulins and 
albumins are mostly in the embryo (Shukla & Cheryan 2001). Zein is synthesized within 
the amyloplast in the rough endoplasmic reticulum, however, they are located in the 
surface of starch granules rather than being intrinsic within them (Mu-Forster & 
Wasserman 1998; Hoffman & Shaver 2011). Prolamins are found in most cereals, they are 
storage proteins with a high composition of glutamine and proline amino acids (Adams et 
al. 2004). Proline is highly hydrophobic, a characteristic that gives the prolamins the 
capacity to repel water in the endosperm and protect the starch from hydration and early 
germination. Proteins with a high proline content have a consistent tertiary structure 
(Hoffman & Shaver 2011).  
Zein is deficient in lysine and tryptophan (essential amino acids), which make it poor in 
nutritional value. The proportion of the major amino acids comprising zein are: glutamic 
acid (21-26 %), proline (10 %), leucine (20 %) and alanine (10 %) (Righetti et al. 1977; 
Shukla & Cheryan 2001). 
Zein has been classified into four zein sub-classes known as α, β, ϒ and δ zein, which 
differ in their structure and solubility (Adams et al. 2004). The literature differs in the 
quantity of α-zein present in the total zein protein (more than 35% (Shukla & Cheryan 
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2001), 70 % (Balconi et al. 2007) or 80 % (Esen 1986)), however, it is well known that α-
zein represents the largest subfamily of zeins. 
All zeins are alcohol-soluble (Lending & Larkins 1989), although solubility changes with 
sub-class, with α-zein soluble in 95% ethanol and β-zein soluble in 60% ethanol (Esen 
1986). 
It has been proposed that synthesis of zein starts in the membrane of polyribosomes, then 
zein is transported and assembled into protein bodies in the lumen of the rough 
endoplasmic reticulum (Khoo & Wolf 1970; Righetti et al. 1977; Larkins & Hurkman 1978). 
The protein bodies are insoluble accretions formed by zein (Argos et al. 1982; Gibbon & 
Larkins 2005). 
Protein bodies start their formation in the subaleurone layer. As they move further from the 
subaleurone layer toward the developing endosperm, they increase in number and size. 
The composition of the protein bodies appears to change according to their position. In the 
subaleurone layer and the outer cells of the endosperm, they have high concentrations of 
β and ϒ zein, while α-zein increases with the size of the protein bodies in the more mature 
cells of the endosperm. The protein body is formed by β-zein and ϒ-zein in their exterior, 
while α-zeins and δ-zeins are deposited in the interior, although the mechanism by which 
they pass through β and ϒ zeins is unknown (Lending & Larkins 1989).  
Several models have been discussed to describe the structure of α-zein. Most of them 
agree that α-zein exists as a three dimensional structure formed by antiparallel helices 
arranged in a distorted cylinder. Momany et al. (2006) proposed a complex structure of α-
zein formed by three helices (called 1, 2 and 3) in which helix 3 has hydrophobic faces 
pointing to similar hydrophobic faces of helices 1 and 2. The non-polar faces were 
proposed to be all in the interior of the triple helix, causing it to have a totally non-polar 
interior. 
Lutein molecules have been suggested to strongly bind to the interior of the triple helix by 
Momany et al. (2006). The authors detected that lutein does not cause any alteration to 
the helix conformation. This lack of disturbance is likely to cause the difficulty of removing 
lutein from the protein during zein purification. Other authors state that zein is bound to β-
carotene, zeaxanthin and lutein, which gives colouration to the protein (an undesirable 
characteristic for industrial uses of zein) (Sessa et al. 2003), while 85 % of xanthophylls in 
the endosperm have been reported to be bound to zein (Tsui & Cheryan 2007). Larger 
protein bodies have been associated with higher carotenoid content and major 
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hydrophobic interactions (Wang et al. 2008). Increased content of the zein protein causes 
higher levels of xanthophylls and carotenes which results in higher pigmentation (Grogan 
& Blessin 1973). Furthermore, zein is synthesised from 10 DAP – 15 DAP to 40 DAP 
(Righetti et al. 1977; Lending & Larkins 1989) which coincides with carotenoid synthesis. 
Starch granules also have been found encapsulated in vitreous endosperm, as α-zein and 
δ-zein penetrate the protein body (Hoffman & Shaver 2011) forming a rigid conglomerate 
(Argos et al. 1982; Gibbon & Larkins 2005; Holding & Larkins 2006). Zein, rather than the 
other type of proteins present in corn, has been associated with problems of starch 
degradability in ruminants, which require degradation of zein before amylolytic activity can 
begin. Starch digestion in ruminants could be partially favoured by a fermentation process 
which helps to reduce all four zein sub-classes, especially ϒ-zein which requires initial 
degrading due its location in the surface of the protein body (Hoffman & Shaver 2011). 
In Quality protein maize mutants with reduced zein content, the lysine content increases, 
and the endosperm phenotype is opaque (Gibbon & Larkins 2005; Balconi et al. 2007; 
Holding 2014). Contrary to the rigid vitreous endosperm, the opaque endosperm is soft. 
The lower zein content in the opaque endosperm is regulated by α and ϒ-zeins gene 
expression. Corn starch is more encapsulated in vitreous endosperm than in the opaque 
endosperm (Hoffman & Shaver 2011). 
2.5. Quality attributes in sweet-corn 
In yellow sweet corn (Zea mays L.), consumers prefer a high degree of yellowness 
(Rogers et al. 2000). This parameter of quality is directly related to carotenoid content. 
Apart from colour, the quality in sweet-corn is also defined by toughness, and sweetness 
(Ferguson et al. 1979; Rogers et al. 2000; Szymanek 2009). 
The pericarp thickness seems to be the main parameter related to toughness and texture 
in general (Azanza et al. 1994; Azanza et al. 1996a), while sweetness is mainly related to 
flavour, and is affected by the sugar and starch content (Szymanek 2009). In sh2 sweet-
corn, the sweetness perception is mainly related to sucrose concentration (Azanza et al. 
1994). Aroma is also important to define the quality; volatile compounds such as ethanol, 
acetaldehyde, hydrogen sulphide and dimethyl sulphide (DMS) are the main compounds 
characterizing overall aroma, in which DMS is the most important compound associated 
with typical sweet corn aroma (Azanza et al. 1996b). Other volatile compounds such as β-
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ionone and α-ionone have been reported to be in sweet-corn, but they do not appear to 
have much impact on flavour (Buttery et al. 1994; Gallon et al. 2013). 
It is known that moisture and sugar levels are well correlated and used as a tool to 
establish optimum quality (Olsen et al. 1990; Szymanek 2009). However, moisture content 
alone is usually used as the best indicator of the edible maturity of cobs. The optimum 
moisture content in shrunken 2 sweet-corn has been reported to be between 76 % to 79 % 
(Szymanek 2009) or about 72 % (Olsen et al. 1990). At these stages, kernels are sweet, 
tender and near maximum size. From 20 to 29 days after pollination (DAP), moisture 
content in shrunken 2 has been reported to decrease 5 % while the average loss of sugar 
per day decreased between 3 % and 6 % (Wong et al. 1994). For these reasons the 
optimum quality in sweet-corn occurs in a short period in which cobs should be harvested 
(Szymanek 2009). In addition to the genotype and optimum kernel development stage, 
sugar concentration is also affected by environmental conditions. In a study carried out by  
Michaels and Andrew (1986), the authors found that in warm and dry years sucrose (365.1 
g kg-1) was higher than reducing sugars (glucose and fructose) (66 g kg-1) than in cooler 
years, where sucrose decreased (276.2 g kg-1) and reducing sugars increased (156 g kg-
1). In sweet-corn, the optimum field temperature for grain development and sugar 
accumulation has been reported to be between 27 °C and 32 °C (Commuri & Jones 1999).  
Carotenoid content is also affected by kernel maturity stage. In standard yellow sweet-corn 
at eating stage (with a creamy-yellow colour), the amount of lutein, zeaxanthin, and total 
carotenoid was 10.4, 4.2, and 22.5 μg g-1 (DW), respectively. By contrast, more mature 
sweet-corn with a more golden-orange colour has higher concentrations, with lutein, 
zeaxanthin and total carotenoid increasing to 17.5, 10, and 34.8 μg g-1, respectively (Hu & 
Xu 2011). Similarly to sugar content, genotype and growth conditions also play an 
important role on kernel carotenoid content (Burt et al. 2011). 
2.6. Postharvest management of sweet-corn  
Storage time and temperature can also affect sweet-corn quality parameters. Tsai and 
Glover (1974) evaluated the changes in carbohydrate composition during a postharvest 
period of four days at room temperature (25 °C), and found that sugary sweet-corn (Zea 
mays L.) declined in sucrose by 40 % during the storage period. In another study, Olsen et 
al. (1990) found that an increase (14 %) in sucrose concentration occurred in ‘Sucro’ sh2 
sweet-corn after 4 days of storage at 1 °C. In this cultivar, sucrose was the more abundant 
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sugar (90 % of total sugars), in which the ratio of sucrose:glucose:fructose was 20:1:1. 
The authors also found that storage at 18 °C affected total sugar loss more after ten days 
(74 %) than after 4 days (38 %), while at 1 °C, the total sugar content was almost the 
same after the same (10 and 4 days) storage period. To complicate matters, higher 
temperatures during grain development can also be followed by a rapid loss of sugars 
during postharvest storage (Luchsinger & Camilo 2008). 
Structural configuration and degree of esterification of carotenoids are important on 
isomerization, oxidation, and degradation of carotenoids during postharvest management 
(Xiao et al. 2018). Studies on this have been done especially when thermal processing is 
used (blanching) (Saini & Keum 2018), with the objective of stopping the activity of 
oxidative enzymes (Garrote et al. 1987). Xanthophylls appear to have a better thermal 
stability when compared to carotenes, as apparently the hydroxyl group and reduced 
number of coplanar conjugated double bonds make them more stable (Xiao et al. 2018). 
Compared to non-esterified carotenoids, esterified carotenoids are more stable under 
thermal exposure conditions (Fu et al. 2010; Fratianni et al. 2017). Blanching practices on 
sweet-corn have demonstrated their effectivity to inactivate reactive oxygen species (ROS) 
related to off-flavour without affecting the carotenoid concentration (Scott & Eldridge 
2005). Factors such duration of exposure to high temperature, and the sweet-corn matrix 
are favourable for avoiding carotenoid thermal degradation (Saini & Keum 2018) during 
the blanching process. During the storage of corn seeds, it is believed that ROS play the 
main role in carotenoid degradation (Ortiz et al. 2016). 
In a study made on provitamin-A biofortified maize (Zea mays L.), lutein and zeaxanthin 
were more stable compared to β-carotene and β-cryptoxanthin when cobs were stored at 
4 ˚C, 22.5 ˚C and 55 °C over sixty weeks (Ortiz et al. 2016), these results seems to follow 
the carotenoid stability trends reported on thermal treatments. Studies of the postharvest 
effect on carotenoid content of sweet-corn are very limited, and findings on thermal 
carotenoid degradation may be useful to understand the effect of cool storage temperature 
effects on carotenoid content of zeaxanthin-biofortified sweet-corn.  
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CHAPTER 3 General methodology 
3.1. Plant Material 
The zeaxanthin-biofortified sweet-corn hybrids ‘14-6x10-3’, ‘23-6x2-9’, ‘23-7x1-1’, ‘2-9x11-
7’ and a yellow commercial sweet-corn hybrid ‘Hybrix 5’ (used as control), were planted at 
the Gatton Research Facility (Gatton, Queensland - Australia), situated at 27.55° South, 
152.33˚ East, and an altitude of 93 m. 
All the experiments from the present research were carried out during the years 2014-
2016, in which the hybrids were cultivated between September-December corresponding 
to the summer season, and between February-May corresponding to the autumn season, 
weekly climatic conditions for each harvest season are shown in Appendix 1. 
Local conventional production practices for sweet-corn were followed each year, as 
follows:  
Preparation Cultivation 
- Ripping, Agro-Plough. 
- Rotary Hoe. 
- Pre-plant base fertilizer application and cultivation incorporation (Incitec Pivot CK77(S) 
at 400 kg ha-1; Nitrogen 13.3 %, Phosphorus 2.2 %, Potassium 13.5 %, Sulphur 19.6 
%). 
- Pre-plant irrigation (if required, depending on conditions), 50 mm solid set pipes or 75 
mm hand shift pipes. 
- Power Harrow (final cultivation, to produce a finer soil finish). 
Planting 
- G.P.S marking out (guide for planter and trial plots). 
- 4 x Row Cone Planter, 75 cm between each row. Planter width, 3 m, tractor centres 
1.5 m. 
- Post-plant, weed pre-emergent selective herbicide application (Dual Gold ®, at 2 L ha -
1). 
- Overhead (50 mm solid set) irrigation to incorporate/activate pre-emergent herbicide 
and to wet in planted seeds (approximately 20 mm initial irrigation). Overhead 
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irrigation (light showering) was then applied over the next few days to keep the soil 
surface soft and free of crusting, allowing emerging seedlings to establish more 
evenly. 
Post planting 
- Trickle-tape set up (emitters 20 cm apart, rated at 5 L m-1 h). 1 x line of Trickle- 
tape/planted row. Head pipe, 75 mm lay-flat hose.  
- Irrigation applied, when required usually twice weekly (1-2 h) from plant establishment 
until trials finished. 
- Soluble and liquid fertilizer (Easy N ®, Ammonium sulphate) was applied during the 
plant’s life cycle at required stages through the trickle irrigation system. Similarly, early 
pesticide applications that protected young emerging seedlings from soil-dwelling 
pests were applied through the trickle irrigation system. 
- For larger plants, topical pesticide applications and some fertilisers (e.g. Twin Zinc ®) 
were applied via an overhead, air-assisted boom spray unit. 
- As required, weeds were removed manually. 
The hybrids were planted in randomized complete blocks with two replications; each block 
consisted of five rows with 25 plants per row planted at 30 cm intervals, rows were 60 cm 
apart. Approximate plant density was 25,000 plants per hectare. Once harvested, cobs 
from the two blocks were randomised to remove any positional effect in the field.  
The upper ear of as many plants as possible of an individual hybrid was self-pollinated by 
hand on the same day, with a minimum of 60 plants pollinated per block. To prevent 
contamination from foreign pollen, as silks emerged, they were covered using transparent 
plastic bags. Once pollen release (anthesis) occurred, the tassels were bagged using 
brown pollination paper bags, and at the same time, the silks from the covered ear were 
trimmed back approximated 2 cm from the tip of the ear. On the following day, pollen 
collected from the covered tassels was deposited on the previously cut and regrown silks. 
The ears were subsequently covered with the same paper bag used to collect pollen and 
fixed in place during cob development until harvest.   
Cobs were hand harvested at different days after pollination (DAP) (according to the 
objectives of each experiment). Cobs were de-husked and the silks removed. The cobs 
were placed in lidded polystyrene boxes and transported by car at 23 ºC for 1 hour to the 
laboratory at the Health & Food Sciences Precinct (Brisbane, Queensland - Australia). To 
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obtain replicable samples, only uniformly-sized cobs without physical damage were 
selected. 
3.2. Colour measurement 
The external colour of kernels (while attached to the cob) was measured using a Minolta 
CR-400 Chroma Meter (Konica Minolta, Osaka, Japan). Variables of colour, lightness (L*), 
chroma (C*) and hue angle were measured randomly in three positions along the cob. The 
average of the three values was calculated directly by the instrument and used as a single 
variable value of colour per cob. Any specific conditions preceding colour measurement 
are explained in the Materials and Methods sections of chapters 4, 5, and 6. 
3.3. Total soluble solids 
For the experiments in which total soluble solids (% TSS) were measured, cobs were 
stored at -20 °C for no more than 3 months prior to TSS analysis. Whole kernels (~10 g) 
from frozen cobs were randomly removed from the central section of the cob and placed 
into 50 mL falcon tubes. Once thawed (less than 1 h), kernels were crushed using a garlic 
press, and ~ 5 mL of the extracted juice was collected into Eppendorf tubes. To avoid 
starch interference, the Eppendorf tubes containing the extracted juice were centrifuged 
for 1 min at 1000 rpm to physically separate the starch into a pellet, the centrifuged was 
done using a Centrifuge (Microfuge 18, rotor F241.5P rcf: 17,500 x g. Beckman coulter. 
USA, California). The supernatant was subsequently measured for % TSS using a digital 
(0-85 %) refractometer (Atago, Tokyo, Japan).  
3.4. Moisture content 
For the experiments in which moisture content was measured, cobs were packed in open 
plastic bags (4 cobs per bag), put in polystyrene boxes and stored at -20 °C for no more 
than 3 months until moisture content analysis. Moisture content (%) of kernels was 
determined using the moisture AOAC method 934.01 (AOAC 1990). A sample of ~10 g of 
kernels randomly removed from the central part of the cob was taken. Removed kernels 
were thawed and blended into a slurry and a 5 g aliquot was placed in a dry pre-weighed 
aluminium dish. The aluminium dish containing the fresh sample was weighed and placed 
in a vacuum oven (Heraeus vacuum oven, Germany) for 24 h at 70 °C and 33 kPa. The 
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aluminium dish with the dry sample was then allowed to cool down in a glass vacuum 
desiccator dryer containing silica gel, and the dish containing the dry sample weighed 
again. All weighing measurements were conducted using an electronic balance (Sartorious 
CP 224S, d = 0.1 mg, Germany). 
Moisture content was calculated using the formula below:  
% moisture content = [(weight dish with fresh sample – weight dish with dry sample) / 
(weight dish with fresh sample – weight dish alone)] * 100 %  
3.5. Carotenoid profile 
Carotenoid profiling was conducted using the method of Fanning et al. (2010) and Ahmed 
et al. (2014) with modifications as follows: 
Whole kernels (~10 g) were randomly removed from the central part of the cob. The 
removed kernels were cryogenically milled for 30 s at 30 hz using liquid nitrogen and a 
ball-mill (Retsch MM400 ball-mill, Haan, Germany). Approximately 0.6 g of the milled 
kernels were weighed and placed into 50 mL Falcon tubes and placed on ice. Six mL of 
ethanol was added and vortexed for 20 s. A further 3 mL of 10 % NaCl in water and 10 mL 
of hexane was added to the solution and vortexed for 20 s. The solutions were centrifuged 
at 4 °C (Eppendorf centrifuge, models 5804R rotor A-4-44 rcf: 2,250 x g, and 5810R rotor 
A-4-62 rcf: 3,200 x g. Hamburg, Germany) at 5000 rpm for 3 min to separate solvent 
layers. The upper hexane layer was removed using a disposable plastic pipette and placed 
in a separate tube placed on ice in the dark. A further 10 mL hexane was added to there 
maining aqueous layer containing the pellet, and briefly re-vortexed. The above procedure 
was repeated (usually about 3 times) until the lower aqueous layer was no longer 
coloured.  
The collected hexane layers were subsequently placed in a centrifugal evaporator (mi-Vac 
Duo concentrator Genevac, model DUP-23050-H00, rotor DRC-5- CCT-008, Ipswich, 
England) at 25-30 °C for 45 min, or until dry. Samples were then reconstituted in 2 mL of 
50/50 methanol/dichloromethane, containing 0.1 % BHT solution. Reconstituted samples 
were filtered using a 0.22 µm syringe filter and transferred into HPLC vials and stored at -
80 °C prior to carotenoid analysis. 
Solvents used were as follows: Ethanol (analytical grade, ThermoFisher Scientific 
Australia Pty Ltd), n-hexane (HPLC grade, ThermoFisher Scientific Australia Pty Ltd), 
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sodium chloride (Sigma-Aldrich Australia Pty Ltd), methanol and dichloromethane (HPLC 
grade, ThermoFisher Scientific Australia Pty Ltd) and butylated hydroxytoluene (BHT 
analytical grade, Sigma-Aldrich Australia Pty Ltd). 
Carotenoids were analysed using a HPLC system consisting of a SIL-20AC auto-injector 
SCL-10Avp system controller (Shimadzu, Kyoto, Japan), LC-10ATvp liquid chromatograph 
(Shimadzu,Kyoto, Japan) a SPD-M10 Avp diode array detector (Shimadzu, Kyoto, Japan), 
column oven (CTO-10Avp) and two pumps (LC-10ADvp), (LC-10AD) (Shimadzu, Kyoto, 
Japan). Thirty microlitres of each extract was injected onto a YMC C30 Carotenoid Column 
(3 μm, 4.6 x 250 mm, Waters, Milford, MA, USA). 
A 37 min gradient was used at a flow of 1 mL/min, as follows: 0 min – 80 % mobile phase 
A; 32 min – 40 % mobile phase A; 34 min – 80 % mobile phase A; 37 min end of run. The 
mobile phase A consisted of 92 % methanol (HPLC grade, ThermoFisher Scientific 
Australia Pty Ltd) and 8 % deionized water, containing 10 mM ammonium acetate 
(analytical grade, Sigma-Aldrich Australia Pty Ltd). Mobile Phase B consisted of methyl 
tert-butyl ether (HPLC grade, ThermoFisher Scientific Australia Pty Ltd). Carotenoid 
standards consisted of zeaxanthin (˃ = 98 %), lutein (˃ = 95 %), beta-carotene (˃ = 95 %) 
(Cayman Chemical, purchased at Sapphire Bioscience Pty Ltd, Australia), (3R)-beta-
cryptoxanthin (˃ = 97 %) (Toronto Research Chemicals, purchased at Sapphire 
Bioscience Pty Ltd, Australia). 
Lutein, zeaxanthin, β-cryptoxanthin, and β-carotene stock standards were made up to 
make a 100 µg/mL solution by gradually dissolving standards in dichloromethane (0.1% 
BHT), with regular vortexing and sonication (Ultrasonic cleaner Fxp 12M, Unisonics, 
Sydney, Australia) for 10 min. A 50x dilution of the stock standard was made using ethanol 
(for lutein) or hexane (for zeaxanthin, β-cryptoxanthin, and β-carotene). Absorbance was 
measured on a UV/vis spectrophotometer (Beckman coulter, model DU530, California, 
USA) at 445 nm for lutein, 450 nm for zeaxanthin and β-cryptoxanthin, and 451 nm for β-
carotene. The concentration (μg/mL) of the 50x dilution was determined using the following 
formula: concentration = (abs of standard - abs of blank) x 10000/A1%, where values of A1% 
were 2550 (lutein), 2480 (zeaxanthin), 2578 (β-cryptoxanthin), and 2663 (β-carotene). 
Concentration of the stock standard solution was corrected by the dilution factor (50x), and 
a series of dilutions were made up using 50/50 methanol/dichloromethane containing 0.1 
% BHT solution to generate a standard curve. Two mL of each dilution was filtered using a 
0.22 µm syringe filter and transferred into HPLC vials. Standard curve dilutions were 
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measured by HPLC to identify retention times and peak areas. Details of the standard 
curves used for each experiment are shown in Appendix 2. 
Carotenoids were identified by a combination of co-elution with standards, visible 
absorption spectra and relative retention time. The lutein standard curve was used for 
quantification of antheraxanthin, zeinoxanthin and α-carotene in the absence of authentic 
standards for these carotenoids. An example of a chromatogram from a zeaxanthin-
biofortified sweet-corn extract is shown in Figure 3.1. 
 
 
 
 
 
 
 
 
Figure 3.1. Representative chromatogram of carotenoids extracted from sweet-corn. 
Zeaxanthin-biofortified sweet-corn hybrid ‘23-6x2-9’, harvested at 27 days after pollination. Carotenoids: A: 
antheraxanthin, B: lutein, C: zeaxanthin, D: zeinoxanthin, E: β-cryptoxanthin, F: α-carotene, G: all-trans β-
carotene, H: 9-cis carotene. 
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CHAPTER 4 Physiological maturity and harvesting season effect on carotenoid 
profile of zeaxanthin-biofortified sweet-corn and commercial yellow sweet-corn 
4.1. Abstract 
The zeaxanthin-biofortified sweet-corn hybrids ‘14-6x10-3’, ‘23-6x2-9’, ‘23-7x1-1’ and ‘2-
9x11-7’, and the commercial yellow sweet-corn hybrid ‘Hybrix 5’ were harvested in 
summer and autumn seasons in 2015 and 2016. In summer, cobs were harvested at 14-
29 days after pollination (DAP), and in autumn, cobs were harvested at 17-60 DAP. 
Seasonal, kernel physiological maturity and genotype effects were evaluated on moisture 
content, carotenoid profile and colour variables: lightness (L*), chroma (C*) and hue angle. 
Season affected the rate of kernel development and carotenoid accumulation, which was 
slower in autumn as compared to summer. The results showed that to match the same 
kernel maturity stage between autumn and summer, it is necessary to delay the autumn 
season harvest to be comparable to the same kernel maturity in summer (which occurred 
earlier). Season also significantly affected carotenoid profile, which was higher in summer 
compared to autumn, it particularly affected the content of zeaxanthin, β-carotene, β-
cryptoxanthin, lutein and antheraxanthin, being significantly higher in summer. Kernel 
physiological maturity significantly affected moisture content and carotenoid content. 
Moisture significantly decreased with increasing kernel development maturity. Whilst 
carotenoid content dry weight basis (DW), reached a maximum accumulation at the latter 
stages of kernel maturity in autumn, compared to summer in which it occurred at 20 to 26 
DAP, coinciding with the optimal eating stage. Based on fresh weight (FW), higher 
carotenoid accumulation in both autumn and summer occurred at the latter stages of 
kernel maturity (DAP). Genotype significantly influenced the carotenoid profile, main 
differences between the zeaxanthin-biofortified hybrids were shown by the higher content 
of zeaxanthin in the hybrid ‘14-6x10-3’, higher content of β-cryptoxanthin in the hybrid ‘23-
6x2-9’ and higher content of lutein in the hybrid ‘2-9x11-7’. Compared to the zeaxanthin-
biofortified hybrids, the commercial yellow sweet-corn had significantly higher lutein and 
lower β-branch carotenoid concentrations. Variables of colour L*, C* and hue were not 
affected by seasonality, they were significantly affected by kernel physiological maturity in 
which significant correlations were found with changes in moisture content, and carotenoid 
concentrations, they also had a genotype influence. In general, ‘Hybrix 5’ had significantly 
higher values of L*, C* and hue, compared to the zeaxanthin-biofortified hybrids. For the 
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zeaxanthin-biofortified hybrids, a significant positive correlation was found between C* and 
zeaxanthin concentration. Whilst a significant negative correlation was found between 
zeaxanthin concentration and hue angle.  
4.2. Introduction 
High zeaxanthin sweet-corn hybrids are characterized by their higher zeaxanthin 
concentration compared to commercial yellow sweet-corn hybrids such as ‘Hybrix 5’. 
Increase in zeaxanthin concentration was previously achieved by a combination of greater 
overall carotenoid synthesis and a shift towards the β-branch of the carotenoid 
biosynthesis pathway, where zeaxanthin is synthesised (O'Hare et al. 2014; O’Hare et al. 
2015). All of the above hybrids are ‘supersweet’ sweet-corn, (Fanning et al. 2010) based 
on the shrunken 2 mutation (Brecht et al. 1990).  
Apart from inherited genetic differences, biosynthesis and accumulation of carotenoids can 
be influenced by environmental conditions (Taylor et al. 2005; Saini & Keum 2018). 
However, in yellow maize and sweet corn lines, the effect of environmental location and 
harvest year have less impact on major carotenoid changes compared to inherent genetic 
differences between lines (Egesel et al. 2003; Menkir et al. 2008; Ibrahim & Juvik 2009).  
Sweet-corn is harvested at the ‘milk’ stage (Kumari et al. 2008) when the kernel is still 
immature, although the number of days to reach optimum moisture content for fresh 
consumption of sweet-corn varies between variety and growth conditions (Rogers et al. 
2000; Luchsinger & Camilo 2008). Szymanek (2009) has reported that the optimum 
moisture content for canning supersweet sweet-corn is in the range of 76 % to 79 %. By 
contrast, Olsen et al. (1990) and (More et al. 2018) reported that a moisture content of 
approximately 72 % for fresh consumption is ideal. In general, when kernel moisture 
content falls below 70 %, a reduction in quality and sweetness is observed (Szymanek 
2009).  
As kernels mature, their moisture content decreases and they develop a deeper colour, 
but not necessarily greater carotenoid concentration (Hu & Xu 2011). Several efforts have 
been made to understand compositional changes during kernel development in maize and 
environmental influence on carotenoid concentration (Ingle et al. 1965; Lending & Larkins 
1989). However, any studies related to carotenoid accumulation during kernel 
development (Xu et al. 2010), and particularly in relation to sweet-corn is very limited, with 
currently no information regarding zeaxanthin-biofortified sweet-corn hybrids.  
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Therefore, the objectives of this chapter were to evaluate the influence of seasonal effects 
(summer and autumn seasons) on the carotenoid profiles and colour development of 
zeaxanthin-biofortified sweet-corn, over a wide range of kernel physiological maturities. 
4.3. Materials and Methods 
Plant Material 
Kernels from the zeaxanthin-biofortified sweet-corn hybrids ‘14-6x10-3’, ‘23-6x2-9’, ‘23-
7x1-1’ and ‘2-9x11-7’, and the commercial yellow sweet-corn hybrid ‘Hybrix 5’ (Figure 4.1) 
were planted between September 2014 and February 2016, corresponding to a summer 
harvest in 2014 and 2015, and an autumn harvest in 2015 and 2016. In summer, cobs 
were harvested at 14, 20, 23, 26, and 29 days after pollination (DAP), with optimum eating 
stage based on moisture content corresponding to 20-23 DAP. In autumn, cobs were 
harvested at 17, 22, 27, 32, 37 and 60 DAP, with optimum eating stage corresponding to 
22–27 DAP (Figures 4.2 and 4.3). Cobs from ‘14-6x10-3’, ‘23-7x1-1’ and ‘Hybrix 5’ were 
also harvested at 35 DAP in summer, and 42 DAP in autumn. A completely randomised 
design was used, with six replicate cobs were used per treatment (with one cob as the 
experimental unit). Cultivation and harvest conditions were as specified in section 3.1 of 
Chapter 3. 
 
 
 
 
 
 
 
Figure 4.1. Zeaxanthin-biofortified sweet-corn hybrids  
Hybrids ‘14-6x10-3’, ‘23-6x2-9’, ‘23-7x1-1’, ‘2-9x11-7’ and a commercial yellow sweet-corn hybrid, ‘Hybrix 5’, 
harvested at optimum eating stage. 
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Figure 4.2. Zeaxanthin-biofortified sweet-corn harvested at different maturity stages 
Hybrid ‘14-6x10-3’, harvested (summer season) at 14, 20, 23, 26, 29 and 35 DAP (from left to right) 
 
 
 
 
 
Figure 4.3. Zeaxanthin-biofortified and commercial yellow sweet-corn harvested at late 
maturity stage.  
Zeaxanthin-biofortified sweet-corn hybrid ‘14-6x10-3’ (left), and commercial yellow sweet-corn hybrid, ‘Hybrix 
5’ (right). Both harvested (autumn season) at 60 DAP. 
Colour 
Objective measurement of kernel colour was measured as lightness (L*), Chroma (C*) and 
hue angle for all treatments one day after each harvest date, according to section 3.2 of 
Chapter 3. 
Carotenoid profile and moisture content 
Immediately following colour measurement, dehusked cobs were stored in loosely folded 
plastic bags (polyethylene bags 50-100 µm thickness, 3 cobs per bag), placed in lidded 
polystyrene boxes, and then stored at -20 ˚C. Once all cobs were harvested (over an 
approximate 2-3 month period), the cobs were assessed for their moisture content (%) and 
carotenoid profile as according to section 3.4 and section 3.5 of Chapter 3, respectively. 
Carotenoid profile (μg g-1) was calculated on both a dry weight basis (DW) and fresh 
weight basis (FW). Dry weight basis data was shown in regard to seasonal effects, 
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genotype effects, and kernel maturity effects. Fresh weight basis data was shown in 
relation to optimum eating maturity stage and comparison with fresh kernel colour. 
Statistical analysis 
An analysis of variance was performed to compare carotenoid content, colour, and 
moisture content within hybrids harvested at different stages of kernel development and 
between harvest seasons. Fisher LSD was used as a comparison test with a significance 
level of P = 0.05. A principal component analysis was performed and the scores for the 
first two components (PC1 and PC2) were plotted using the hybrids as classification 
variables to visualize the separation of the hybrids, according to their carotenoid profile 
between seasons and maturity stages. Pearson correlation analysis was conducted 
between colour variables, moisture, and the main carotenoids of hybrids. InfoStat software 
(version 2017p) was used for all statistical analyses. 
4.4. Results and Discussion 
4.4.1. Seasonal and kernel physiological maturity effect on moisture  
In corn (Zea mays L), kernel development is commonly evaluated using the parameter 
‘days after pollination (DAP)’; and moisture content is used as the best indicator of 
physiological maturity and hence the ‘edible’ stage, however these factors are dependent 
on genetic and environmental factors (Rogers et al. 2000; Luchsinger & Camilo 2008). The 
moisture content (%) of the zeaxanthin-biofortified hybrids and the commercial yellow 
hybrid harvested in autumn and summer seasons at different stages of kernel maturity is 
shown in Table 4.1. The number of days after pollination necessary for the kernels to 
reach a similar moisture content was different between the autumn and summer seasons 
(Table 4.1). In autumn, kernel maturity progressed more slowly, and significant changes in 
moisture content occurred over a longer period compared to summer. This period 
difference was particularly more apparent at later stages of kernel maturity, once kernels 
had reached a moisture content of 72 % to 76 % (equivalent to edible maturity). Table 4.2 
shows the difference in DAP for the autumn- and summer-harvested kernels to reach a 
similar moisture content. In summer, 14 DAP were necessary to reach 78 % to 80 % 
moisture content, whilst in autumn the same moisture content was reached 3 days later at 
17 DAP. According to our own previous observations, and non-formal tastings during this 
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study, the moisture content at optimum eating stage for the zeaxanthin-biofortified hybrids 
and the commercial yellow sweet-corn (‘Hybrix 5’) were within the range of 72 % to 76 %. 
This range coincides with the optimum moisture at eating stage in shrunken 2 sweet-corn 
(Zea mays L.) reported by Olsen et al. (1990) (~ 72 %) and Szymanek (2009) (76-79 %). 
In summer, this range of moisture content at optimum eating stage was achieved between 
20-23 DAP, however in autumn the equivalent moisture content was achieved later, 
between 22 and 27 DAP. Similarly, a moisture range between 68 % and 71 % was 
achieved at 26 DAP in summer, but the equivalent moisture in autumn was reached 6 to 
11 d later at 32 DAP. Again, in summer, the moisture content at 29 DAP was 63 % to 68 % 
whilst in autumn a similar moisture was reached at 37 DAP.  
When the moisture content was compared at different maturities within each season 
(season x DAP interaction), significant differences were observed between individual 
hybrids in which moisture decreased at later kernel development stages (Table 4.1). The 
seasonal effect for each individual hybrid was not significant (p ≥ 0.05). This indicated a 
stronger maturity effect, rather than season, on moisture content, with similar moisture 
content changes occurring with increasing kernel maturity per hybrid in each season 
(Table 4.1). Genotype also affected the moisture content, with significant differences 
between hybrids (hybrid effect p-value < 0.05) occurring at 22, 27 and 37 DAP in autumn, 
and at 14, 23, 26, and 29 DAP in summer, indicating that the ability to retain water may be 
different between hybrids, especially at later maturity stages (Table 4.1). However, when 
moisture contents were compared using the mean total moisture content of all the hybrids 
at each specific maturity (DAP), the hybrid x season interaction was not significantly 
different (p ˃ 0.05), except for the earlier (14-17 DAP) and later (29-37 DAP) kernel 
maturity stages (Table 4.2). These exceptions probably occurred because in summer at 14 
DAP and 29 DAP, the moisture content fluctuated more between individual hybrids (Table 
4.1). A possible reason for this fluctuation may be that with warmer temperature the 
development rate of kernels of different hybrids differs at early stages of kernel 
development, whilst at later stages the capacity of water retention is also different. 
In general, the data showed that similar changes in moisture content occurred within each 
hybrid, independent of the harvest season. It showed that at each particular kernel 
development stage, this moisture content could be potentially affected by genotype.  
Moisture content can be used as an indicator of maturity, to match the kernel maturity in 
autumn which occurs more slowly, to the same kernel maturity stages in summer, which 
occur earlier (Table 4.2). 
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Table 4.1. Moisture content (%) in the zeaxanthin biofortified and the commercial yellow sweet-corn hybrids harvested in 
autumn and summer at increasing kernel maturity stage 
season DAP ‘14-6x10-3’ ‘23-6x2-9’  ‘23-7x1-1’  ‘2-9x11-7’  ‘Hybrix 5’ 1LSD 
autumn 17 81.1 ± 0.8 f 81.3 ± 0.7 g 81.3 ± 0.7 e 81.9 ± 0.6 g 81.4 ± 0.4 f ns 
  22 77.4 ± 0.5 e 75.4 ± 1.0 de 76.4 ± 1.0 d 77.1 ± 0.4 f 78.8 ± 0.5 e 2.1 
  27 72.2 ± 0.8 cd 76.3 ± 0.8 ef 73.0 ± 0.9 c 71.9 ± 0.9 d 73.1 ± 0.4 c 2.3 
  32 71.2 ± 0.7 bc 70.0 ± 0.4 c 68.9 ± 0.9 b 70.9 ± 1.0 cd 71.1 ± 0.6 b ns 
  37 71.1 ± 1.3 bc 66.6 ± 1.5 ab 67.3 ± 0.3 b 68.4 ± 0.6 b 71.2 ± 0.3 b 2.7 
        
summer 14 79.4 ± 0.6 ef 77.9 ± 0.8 f 79.7 ± 0.6 e 78.3 ± 0.4 f 82.1 ± 0.5 f  1.6 
  20 74.5 ± 0.3 f 74.7 ± 0.5 de 75.6 ± 0.8 d 74.8 ± 0.5 e 75.8 ± 0.5 d ns 
  23 72.3 ± 0.7 cd 73.7 ± 0.4 d 71.4 ± 0.7 c 71.7 ± 0.3 d 73.7 ± 0.5 c 1.7 
  26 70.2 ± 0.6 b 68.9 ± 0.4 bc 67.7 ± 0.7 b 69.6 ± 0.3 bc 71.4 ± 0.5 b 1.6 
  29 68.3 ± 0.6 a 65.4 ± 1.0 a 63.4 ± 1.3 a 64.6 ± 0.5 a 68.1 ± 0.8 a 2.4 
2p-value (season x DAP) 0.2310 0.4477 0.5751 0.0204 0.0009  
overall mean autumn 73.91 73.67 73.04 73.46 74.25   
overall mean summer 72.98 72.94 71.66 71.59 74.13   
3p-value (season) 0.3297 0.5805 0.2680 0.0783 0.9061   
Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n= 6. nd = no data. 1Hybrid effect significance at P 
= 0.05. 2Season x DAP interaction significance at P = 0.05. 3Season significance at P = 0.05.ns = non significant. 
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Table 4.2. Moisture content range at specific maturity stages (DAP) in autumn and 
summer. 
DAP 
*moisture range (%) 1p-value  LSD 
autumn summer 
17 14 78 - 82 0.0135 1.9 
22 - 27 20 - 23 73 - 76 0.9652 ns 
32  26 68 - 71 0.7679 ns 
37 29 63 - 70 <0.0001 2.1 
 *mean of all hybrids. 1Interaction hybrid x season at P = 0.05. LSD, least significance difference at P = 0.05. 
ns = non-significant. 
4.4.2. Seasonal and kernel physiological maturity effect on carotenoid content 
The carotenoid profiles at each kernel maturity stage (DAP) and harvest season are 
shown in Tables 4.3 to 4.7. The overall seasonal effect on carotenoid content had a 
significant (p-value season < 0.05) impact on total carotenoid content and the content of 
the major carotenoids (zeaxanthin, β-carotene, β-cryptoxanthin, lutein) reported as being 
present in high zeaxanthin sweet-corn hybrids by O’Hare et al. (2015). This effect of 
harvest season also was significant (p-value season < 0.05) for some of the minor 
carotenoids such as zeinoxanthin in ‘23-6x2-9’, ‘23-7x1-1’, ‘2-9x11-7’, and ‘Hybrix 5’; α-
carotene in ‘14-6x10-3’, ‘23-7x1-1’, ‘2-9x11-7’ and ‘Hybrix 5’; and antheraxanthin in ‘14-
6x10-3’ and ‘23-6x2-9’.  
Compared to the summer harvest, cobs of all hybrids harvested in autumn accumulated a 
lower concentration of the major carotenoids (lutein, zeaxanthin, β-cryptoxanthin and β-
carotene) and lower total carotenoid content at all maturity stages (as based on moisture 
content) (Tables 4.3 to 4.7). For each of the zeaxanthin-biofortified hybrids, the most 
abundant carotenoid present in both the autumn and summer harvests was zeaxanthin, 
whilst in the commercial yellow sweet-corn, the most abundant carotenoid was 
consistently lutein. This was expected, and has been previously reported by Fanning et al. 
(2010) and O’Hare et al. (2015). Within the zeaxanthin-biofortified hybrids, in the summer 
harvest the next more abundant carotenoids after zeaxanthin were β-carotene and β-
cryptoxanthin followed by lutein, however in the autumn harvest, this trend only occurred 
for the hybrid ‘23-6x2-9’ (Tables 4.3 to 4.7).  
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For the other zeaxanthin-biofortified hybrids, in autumn the highest carotenoids (in 
decreasing order) were: ‘14-6x10-3’, β-carotene, antheraxanthin, and β-cryptoxanthin, 
followed by lutein; ‘23-7x1-1’, lutein, β-carotene, and antheraxanthin, followed by β-
cryptoxanthin; ‘2-9x11-7’, lutein, antheraxanthin and β-carotene, followed by β-
cryptoxanthin. For the commercial yellow sweet-corn, the most abundant carotenoid in 
both the autumn and summer harvests was lutein, however the relative concentrations of 
the second highest carotenoids in this hybrid were also affected by season. In summer, 
the second highest carotenoid in ‘Hybrix 5’ was zeaxanthin, followed by zeinoxanthin, β-
carotene and β-cryptoxanthin, whilst in autumn the second highest was antheraxanthin, 
followed by zeinoxanthin and zeaxanthin.  
The main change in the relative carotenoid content between autumn and summer was 
caused by antheraxanthin (Tables 4.3 to 4.7), which was only a minor carotenoid in 
summer. In summer, antheraxanthin constituted about 5 % of the total carotenoid 
concentration of the zeaxanthin-biofortified hybrids, but its relative quantity in autumn 
increased to about 7 % in ‘14-6x10-3’ and ‘23-6x2-9’, and doubled to about 10 % in ‘23-
7x1-1’ and ‘2-9x11-7’. However, although the relative proportion of antheraxanthin differed 
significantly, the total concentration of antheraxanthin was not significantly different 
between autumn and summer. The exception to this was for ‘23-6x2-9’, which produced a 
significantly lower antheraxanthin concentration (DW) in autumn (overall mean 4.75 µg g-1) 
compared to summer (overall mean 6.67 µg g-1). It is possible that antheraxanthin 
concentration within the kernel may be more tightly regulated than for the other 
carotenoids, and may have a role in seed metabolism (Rogozhin et al. 2001; Nambara & 
Marion-Poll 2005). 
Apart from seasonal effects, kernel carotenoid concentration was also affected by 
physiological maturity stage. This physiological maturity was also influenced by season, 
which affected the rate of kernel physiological development. In autumn, carotenoid 
accumulation (dry weight basis) for the zeaxanthin-biofortified hybrids reached a peak 
during the later stages of kernel maturity (37-42 DAP), compared to the commercial yellow 
hybrid, ‘Hybrix 5’, in which the peak occurred at earlier stages (27-32 DAP) (Figure 4.4). In 
summer, for all hybrids, the carotenoid peak (dry weight basis) occurred at an earlier stage 
of kernel maturity compared to autumn. However, in summer, each hybrid showed 
different behaviour reaching peak in carotenoid accumulation at different kernel maturity 
stages (Figure 4.4). 
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For ‘14-6x10-3’, the peak occurred at 23 DAP when the moisture content (72 %) was still 
within the optimum range for consumption (Table 4.3). In ‘23-6x2-9’, the carotenoid peak 
occurred at 26 DAP when the moisture content (69 %) was out of the optimum eating 
range. However at the optimum eating stage (20-23 DAP), the carotenoid concentration for 
this hybrid was relatively high. At 23 DAP, the zeaxanthin content was significantly lower 
than at 26 DAP, but the total carotenoid content was not significantly different to 26 DAP 
(Table 4.4). In the hybrid ‘23-7x1-1’, peak carotenoid accumulation occurred at an earlier 
stage (14–20 DAP) than the other high-zeaxanthin hybrids, when the moisture content was 
76 to 80 % (Table 4.5). In ‘2-9x11-7’, the carotenoid peak accumulation coincided with the 
optimum eating stage at 20 DAP and 75 % moisture content (Table 4.6). The commercial 
yellow sweet-corn, ‘Hybrix 5’, behaved similarly to ‘23-7x1-1’, in which the peak 
accumulation occurred at an early stage between 14-20 DAP and between 76 to 80 % 
moisture content (Table 4.7).  
As mentioned before, peak zeaxanthin accumulation in both summer and autumn 
coincided with the peak of total carotenoid accumulation, and also the accumulation peak 
of the other individual carotenoids, with the notable exception of β-carotene (Figure 4.5). In 
the hybrids ‘14-6x10-3’, ‘23-7x1-1’ and ‘2-9x11-7’, the higher concentration of β-carotene 
occurred at the latest maturity stages and therefore the possibility exists that the kernels 
could continue to accumulate more β-carotene with a further increase in kernel maturity. It 
is possible that the accumulation of β-carotene relative to its downstream xanthophylls 
may be due to downregulation of the β-hydroxylase enzyme as the kernel becomes 
increasingly mature. A reduction of this enzyme activity would lead to an accumulation of 
β-carotene relative to β-cryptoxanthin and zeaxanthin (that are hydroxylated from β-
carotene) (Taylor et al. 2005). Certainly, allelic variation in β-hydroxylase has been shown 
to exist in maize and has been used to develop maize varieties that accumulate β-
carotene in relation to increasing dietary provitamin-A (Yan et al. 2010; Walter & Strack 
2011). Interestingly, in the zeaxanthin-biofortified hybrid ‘23-6x2-9’, β-carotene 
accumulation did not continue beyond the peak of zeaxanthin and total carotenoid 
accumulation (Table 4.4 and Figure 4.5). In this circumstance, it is possible that β-
hydroxylase activity did not down regulate with increasing maturity and continued to be 
active. The observation that this occurred in summer but not in autumn may indicate that 
this particular phenotype (‘23-6x2-9’) was temperature sensitive in relation to β-
hydroxylase activity.  
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A similar observation about higher concentrations (FW) of β-carotene (up to 26 μg g-1) in 
fully mature kernels of a high zeaxanthin sweet-corn accession was reported by O’Hare et 
al. (2015). These authors reported that the concentration observed was higher than the 
target (DW) for provitamin-A maize (Zea mays L.) (15 μg g-1) proposed by the HarvestPlus 
program. Although comparisons between maize and sweet-corn may not be appropriate 
due to the higher starch content in maize, the β-carotene content from the zeaxanthin-
biofortified sweet-corn hybrids can be high, and may be of potential use in future maize 
breeding programs. In the present study, the higher concentrations of β-carotene (fresh 
weight) were smaller (~10 µg g-1) (Table 4.9) than that reported in the accession of high 
zeaxanthin sweet-corn by O’Hare et al. (2015). But, even at optimum eating stage, 
concentrations of β-carotene alone (without taking into account other provitamin-A 
carotenoids) were higher (dry weight) (~18 μg g-1) (Tables 4.3 to 4.7) than those reported 
as the target for provitamin-A maize (15 μg g-1) by O’Hare et al. (2015) and Ortiz-
Monasterio et al. (2007). 
In regard to the above observations, in the current study, the ability of the sweetcorn 
hybrids to accumulate carotenoids during the autumn season was lower compared to the 
summer season. In summer, accumulation of carotenoids was greatest, particularly the 
accumulation of β-arm carotenoids. However, accumulation of lutein and some minor 
carotenoids was also greater in summer compared to autumn. This may suggest that in 
general, during kernel development, the accumulation of carotenoids may be favoured by 
warmer temperatures.  
In the present work, the timing of the carotenoid peaks observed in summer, rather than in 
autumn, coincided more closely with the peak time reported in maize (19 to 22 DAP)  (Li et 
al. 2008b; Da Silva Messias et al. 2014). Also, in summer, the days to reach the optimum 
moisture content for eating (20-23 DAP) coincided better to that (15 to 23 DAP) reported 
by Lago et al. (2014), and that (18 to 22 DAP) reported by Azanza et al. (1994). This may 
suggest that the environmental conditions during the kernel development for the summer 
harvest were more favourable to reach a rate of development similar to what has been 
reported for other varieties and localities in which most authors have planted in a summer 
season. Whilst in autumn compared to summer the environmental conditions were likely to 
be sub-optimal to reach the same rate of kernel development and carotenoid accumulation 
than summer.  
As observed earlier, carotenoid concentration peaked in both autumn and summer, and 
was followed by a subsequent decline in carotenoid concentration (DW). The activity of 
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carotenoid cleavage dioxygenases enzymes (CCDs) resulting in the cleavage of 
carotenoids (Bai et al. 2009) could be potentially related to the observed decline. In maize 
(Zea mays L.), Da Silva Messias et al. (2014) reported a decline in the activity of PSY1 at 
22 DAP, but also a negative correlation between carotenoid content and expression of 
ZmCCD1 (the only CCD well characterized in maize). However, the authors mentioned 
that in maize the mechanism of carotenoid degradation remains not fully understood. As 
the present study did not determine the concentration of apocarotenoids such as abscisic 
acid (ABA), it was not possible to conclude further about the possibility of carotenoids 
being cleaved following the carotenoid concentration peak. Another possibility to explain 
the decline in carotenoid is a decline in carotenoid synthesis due to less activity of PSY1 
(Gallagher et al. 2004; Da Silva Messias et al. 2014). However, since β-carotene was still 
being accumulated at the later stages of kernel development and not following the decline 
pattern of the rest of carotenoids, it is possible that PSY1 was still active at these late 
stages, with ‘23-6x2-9’ being an exception. To better understand the synthesis and 
cleavage of carotenoids in the zeaxanthin-biofortified hybrids, studies including enzymatic 
activity would potentially be necessary.  
The above results regarding peak carotenoid accumulation were based on dry weight 
calculations. However, sweet-corn is eaten as a fresh vegetable, and therefore the 
zeaxanthin content on a fresh weight basis is important from a dietary intake perspective. 
O’Hare et al. (2015) reported that during the development of high zeaxanthin sweet-corn 
hybrids, the fresh weight concentration of zeaxanthin continued to increase as kernels 
became more mature. When the results are presented based on a fresh weight basis, all 
the zeaxanthin-biofortified hybrids continued to increase in zeaxanthin (and other 
carotenoids) concentration, reaching peak carotenoid concentration at the latest maturity 
stage, independent of the harvest season, be that autumn or summer (Tables 4.8 and 4.9, 
Figure 4.4). This disparity with the results seen on a dry weight basis (where a carotenoid 
peak occurred), is most probably due to the natural reduction in moisture content as the 
kernels mature. This reduction in moisture content appears to result in a concentrating of 
zeaxanthin and other carotenoids, even though they may be starting to be cleaved, as 
indicated by the DW data. As zeaxanthin FW concentration continues to increase with 
kernel maturity, it would seem sensible to consume sweetcorn as late as possible. 
However, from a culinary perspective, sweet-corn becomes tough or less tender to eat, 
and in the zeaxanthin-biofortified sweet-corn hybrids the kernel starts to shrivel, once the 
moisture content drops below ~70 %, as is evident in Figure 4.2. 
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Table 4.3. Effect of season and kernel maturity on carotenoid profile of the zeaxanthin-biofortified hybrid ‘14-6x10-3’ 
season DAP lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
autumn 17 3.3 ± 0.6 a 2.7 ± 0.4 ab 2.0 ± 0.1 de 3.5 ± 0.2 a 24.1 ± 2.3 a 4.1 ± 0.3 a 3.1 ± 0.1 a 41.8 ± 3.2 a 
 
22 3.1 ± 0.2 a 2.2 ± 0.1 a 1.5 ± 0.1 cd 5.2 ± 0.3 ab 42.0 ± 2.7 abc 6.2 ± 0.3 ab 5.6 ± 0.4 ab 64.3 ± 4.4 ab 
 
27 6.8 ± 0.8 bc 2.8 ± 0.2 ab 1.4 ± 0.1 bcd 5.6 ± 0.8 ab 48.7 ± 2.7 bcd 5.3 ± 0.4 a 6.7 ± 0.4 ab 76.4 ± 3.2 bc 
 
32 7.5 ± 0.9 bc 2.8 ± 0.2 ab 2.4 ± 0.3 e 7.9 ± 0.4 c 53.9 ± 1.6 cde 5.4 ± 0.4 a 10.1 ± 0.6 bc 89.8 ± 2.3 bc 
 
37 5.6 ± 0.5 b 3.9 ± 0.4 ab 1.6 ± 0.1 d 7.6 ± 0.4 bc 64.9 ± 3.1 de 7.8 ± 0.6 abc 12.6 ± 1.2 c 103.7 ± 4.4 cd 
          
summer 14 7.9 ± 0.4 cd 4.7 ± 0.2 b 4.5 ± 0.2 f 5.6 ± 0.5 ab 34.0 ± 4.9 ab 6.1 ± 0.4 a 6.9 ± 0.7 ab 64.6 ± 6.3 ab 
 
20 9.2 ± 0.4 de 2.9 ± 0.2 ab 0.4 ± 0 a 7.8 ± 0.5 bc 68.5 ± 3.3 e 9.4 ± 0.8 bcd 18.4 ± 0.7 d 116.4 ± 3.6 d 
 
23 8.0 ± 0.3 cde 5.3 ± 0.8 b nd 7.2 ± 1.0 c 103.5 ± 6.5 f 18.4 ± 1.1 e 18.9 ± 1.6 d 161.4 ± 10.1 e 
 
26 9.2 ± 0.4 de 3.7 ± 1.4 ab 0.6 ± 0.1 ab 6.8 ± 0.9 bc 91.3 ± 10.9 f 12.4 ± 2.2 d 20.9 ± 2.8 d 144.5 ± 16.8 e 
 
29 9.9 ± 0.6 e 2.3 ± 0.8 a 0.8 ± 0.1 abc 5.7 ± 0.5 ab 90.9 ± 7.0 f 11.1 ± 1.6 cd 21.3 ± 1.8 d 141.6 ± 10.4 e 
overall mean autumn 5.3 2.9 2.5 6.6 46.7 5.8 7.6 75.2 
overall mean summer 8.9 3.3 2.6 6.5 77.6 11.5 17.3 125.7 
1p-value season <0.0001 0.0649 0.0002 0.1845 <0.0001 <0.0001 <0.0001 <0.0001 
2p-value DAP <0.0001 0.7518 <0.0001 0.0091 <0.0001 <0.0001 <0.0001 <0.0001 
Carotenoid profile: μg g-1 (dry weight basis). Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n = 6. 
nd = no data.  1Season effect at P = 0.05. 2Kernel maturity effect at P = 0.05. 
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Table 4.4. Effect of season and kernel maturity on carotenoid profile of the zeaxanthin-biofortified hybrid ‘23-6x2-9’ 
season DAP lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
autumn 17 3.2 ± 0.1 a 2.6 ± 0.1 b 1.9 ± 0.0 b 3.3 ± 0.2 a 23.4 ± 1.0 a 3.7 ± 0.3 a 3.1 ± 0.2 a 40.1 ± 1.7 a 
 
22 4.4 ± 0.3 ab 2.2 ± 0.1 ab 1.6 ± 0.0 a 3.9 ± 0.2 a 29.3 ± 2.5 ab 4.9 ± 0.5 a 4.6 ± 0.6 a 50.9 ± 3.5 ab 
 
27 5.6 ± 0.3 bc 2.7 ± 0.2 b 1.9 ± 0.1 b 3.5 ± 0.5 a 37.6 ± 2.3 bc 6.3 ± 0.4 a 6.6 ± 0.6 a 64.3 ± 3.3 b 
 
32 6.4 ± 0.3 cd 1.9 ± 0.1 a 1.6 ± 0.1 a 6.2 ± 0.4 bc 46.7 ± 1.4 cd 7.5 ± 0.4 a 12.3 ± 0.6 bc 82.6 ± 2.3 c 
 
37 7.6 ± 0.3 d 2.1 ± 0.2 ab 1.6 ± 0.1 a 6.6 ± 0.5 bc 48.3 ± 2.3 cd 7.5 ± 0.5 a 14.8 ± 1.0 cd 88.5 ± 3.5 c 
          
summer 14 12.7 ± 0.7 f 4.7 ± 0.1 c nd 5.9 ± 0.4 b 49.8 ± 3.6 d 14.4 ± 1.4 b 10.4 ± 0.7 b 98.0 ± 5.7 c 
 
20 12.9 ± 0.3 f 4.8 ± 0.2 c nd 7.0 ± 0.1 c 73.5 ± 1.7 e 21.8 ± 1.5 c 19.8 ± 1.4 e 139.8 ± 4.3 de 
 
23 12.2± 0.7 f 4.9 ± 0.2 cd nd 5.8 ± 0.1 b 79.0 ± 4.0 e 29.3 ± 2.7 d 16.5 ± 1.2 de 147.7 ± 7.0 de 
 
26 12.2 ± 0.7 f 5.5 ± 0.1 d nd 8.7 ± 0.3 d 90.2 ± 3.8 f 24.7 ± 1.6 c 15.5 ± 2.8 cd 156.9 ± 8.4 e 
 
29 10.3 ± 0.9 e 5.2 ± 0.5 cd nd 6.6 ± 0.4 bc 76.5 ± 7.6 e 20.4 ± 2.1 c 12.5 ± 2.3 bc 131.5 ± 11.7 d 
overall mean autumn 5.5 2.3 1.7 4.8 37.5 6.1 8.4 66.1 
overall mean summer 12.1 5.0 nd 6.7 70.4 21.0 14.3 129.5 
1p-value season <0.0001 <0.0001  nd <0.0001  <0.0001  <0.0001 <0.0001 <0.0001 
2p-value DAP   0.2080 0.7321   0.0045 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001   
Carotenoid profile: μg g-1 (dry weight basis). Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n = 6. 
nd = no data. 1Season effect at P = 0.05. 2Kernel maturity effect at P = 0.05. 
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Table 4.5. Effect of season and kernel maturity on carotenoid profile of the zeaxanthin-biofortified hybrid ‘23-7x1-1’ 
season DAP lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
autumn 17 3.6 ± 0.1 a 2.4 ± 0.1 ab nd 3.6 ± 0.1 a 14.7 ± 0.6 a 1.8 ± 0.1 a 2.4 ± 0.1 a 28.6 ± 0.9 a 
 
22 4.4 ± 0.3 a 2.0 ± 0.1 a 1.4 ± 0.1 b 4.0 ± 0.2 ab 19.6 ± 1.3 a 2.3 ± 0.2 a 2.9 ± 0.2 ab 35.7 ± 2.2 a 
 
27 7.5 ± 0.7 b 3.1 ± 0.3 ab 2.6 ± 0.3 c 5.4 ± 0.5 cd 32.2 ± 3.0 b 4.5 ± 0.6 a 6.2 ± 0.7 bc 60.4 ± 5.8 b 
 
32 8.7 ± 0.8 bc 2.9 ± 0.3 ab 2.5 ± 0.3 c 6.5 ± 0.1 de 39.6 ± 4.0 b 4.7 ± 0.6 a 7.4 ± 0.9 c 71.9 ± 6.9 b 
 
37 7.2 ± 0.9 b 2.2 ± 0.2 a 1.2 ± 0.2 ab 6.8 ± 0.6 de 34.0 ± 5.0 b 3.4 ± 0.9 a 7.9 ± 1.6 c 61.8 ± 7.9 b 
          
summer 14 13.1 ± 0.6 e 5.8 ± 0.2 c nd 7.5 ± 0.4 e 72.8 ± 3.7 de 19.5 ± 1.8 d 16.0 ± 1.0 d 134.7 ± 6.7 d 
 
20 10.3 ± 1.1 cd 5.0 ± 0.4 c nd 5.3 ± 0.2 bcd 80.0 ± 1.9 e 23.1 ± 0.5 d 15.4 ± 1.2 d 137.9 ± 2.6 d 
 
23 11.3 ± 0.3 d 3.5 ± 0.5 b 0.3 ± 0.1 a 5.1 ± 0.3 bc 68.9 ± 5.9 cde 15.6 ± 2.2 c 18.1 ± 1.3 d 122.6 ± 10.0 cd 
 
26 10.4 ± 0.2 d 2.6 ± 0.5 ab 0.7 ± 0.2 ab 6.2 ± 0.5 cd 61.7 ± 3.5 c 11.4 ± 1.4 b 16.4 ± 1.1 d 109.0 ± 5.1 c 
 
29 11.6 ± 0.4 de 2.9 ± 0.6 ab 0.9 ± 0.3 ab 5.2 ± 1.0 bcd 64.8 ± 3.2 cd 11.5 ± 1.7 b 18.3 ± 2.5 d 114.7 ± 3.9 c 
overall mean autumn 7.2 2.6 2.1 5.4 33.0 4.1 6.8 60.2 
overall mean summer 11.6 3.6 0.7 5.6 67.3 14.7 17.8 121.0 
1p-value season <0.0001  <0.0001 <0.0001 0.0712 <0.0001  <0.0001 <0.0001 <0.0001  
2p-value DAP 0.0061 0.0068 0.1825 0.0153 0.4253 0.0137 0.0116 0.6208 
Carotenoid profile: μg g-1 (dry weight basis). Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n = 6. 
nd = no data. 1Season effect at P = 0.05. 2Kernel maturity effect at P = 0.05. 
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Table 4.6. Effect of season and kernel maturity on carotenoid profile of the zeaxanthin-biofortified hybrid ‘2-9x11-7’ 
season DAP lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
autumn 17 3.9 ± 0.2 a 2.9 ± 0.1 a nd 3.8 ± 0.2 a 14.5 ± 1.1 a 2.2 ± 0.2 a 2.4 ± 0.1 a 29.9 ± 1.5 a 
 
22 5.2 ± 0.3 a 2.9 ± 0.2 a 1.6 ± 0.1 bc 4.4 ± 0.2 ab 20.4 ± 1.4 a 3.2 ± 0.3 a 2.9 ± 0.1 ab 40.2 ± 2.5 a 
 
27 8.1 ± 0.6 b 3.8 ± 0.3 a 2.3 ± 0.2 d 5.3 ± 0.6 abc 34.9 ± 2.3 b 5.6 ± 0.5 b 5.8 ± 0.5 abc 65.6 ± 4.2 b 
 
32 8.9 ± 0.9 b 2.9 ± 0.2 a 2.2 ± 0.2 cd 6.9 ± 0.4 d 39.0 ± 4.2 b 5.2 ± 0.7 b 6.6 ± 0.9 bc 71.7 ± 7.1 b 
 
37 8.3 ± 0.4 b 2.8 ± 0.1 a 1.6 ± 0.1 c 6.8 ± 0.8 cd 38.6 ± 1.3 b 5.1 ± 0.2 b 8.7 ± 0.5 cd 71.9 ± 2.5 b 
          
summer 14 12.5 ± 0.7 c 5.1 ± 0.2 b nd 6.1 ± 0.4 cd 62.2 ± 4.8 c 16.3 ± 2.8 b 10.5 ± 1.2 d 112.6 ± 8.6 c 
 
20 15.5 ± 0.7 e 5.0 ± 0.2 b nd 7.6 ± 0.4 d 92.0 ± 4.9 e 22.6 ± 0.9 c 22.7 ± 1.3 f 165.4 ± 6.3 d 
 
23 12.9 ± 0.7 cd 3.1 ± 0.5 a 0.1 ± 0.1 a 6.6 ± 0.7 cd 65.4 ± 3.6 c 14.4 ± 1.3 b 18.5 ± 1.0 e 120.8 ± 7.2 c 
 
26 14.5 ± 0.8 de 3.4 ± 0.5 a 0.2 ± 0.2 a 5.2 ± 0.5 abc 68.5 ± 2.6 cd 17.3 ± 2.1 bc 19.3 ± 1.0 ef 128.3 ± 5.4 c 
 
29 14.6 ± 0.9 de 3.3 ± 0.5 a 0.9 ± 0.3 b 6.0 ± 0.5 bcd 75.9 ± 4.4 d 17.4 ± 2.2 bc 28.5 ± 2.3 g 146.1 ± 9.1 d 
overall mean autumn 7.2 3.2 2.0 5.6 31.2 4.5 5.5 58.7 
overall mean summer 13.8 3.9 0.5 6.1 70.6 17.0 19.4 131.0 
1p-value season <0.0001  0.0007 <0.0001  0.0239 <0.0001  <0.0001  <0.0001  <0.0001   
2p-value DAP 0.0003 0.0623 0.3644 0.1592 0.0001 0.4362 <0.0001 <0.0001   
Carotenoid profile: μg g-1 (dry weight basis). Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n = 6. 
nd = no data. 1Season effect at P = 0.05. 2Kernel maturity effect at P = 0.05. 
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Table 4.7. Effect of season and kernel maturity on carotenoid profile of the zeaxanthin-biofortified hybrid ‘Hybrix 5’ 
season DAP lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
autumn 17 6.9 ± 0.6 a 5.2 ± 0.4 ab 2.1 ± 0.1 ab 3.4 ± 0.2 a 4.4 ± 0.3 a 1.3 ± 0.1 a 2.2 ± 0.1 a 24.9 ± 1.6 a 
 
22 9.2 ± 1.0 ab 5.8 ± 0.6 ab 2.2 ± 0.2 ab 3.8 ± 0.3 ab 3.9 ± 0.2 a 1.2 ± 0.1 a 2.0 ± 0.1 a 28.0 ± 2.4 a 
 
27 19.2 ± 1.8 c 6.6 ± 0.6 bc 2.4 ± 0.3 ab 5.8 ± 0.5 cd 5.6 ± 0.3 a 1.8 ± 0.1 a 2.1 ± 0.1 a 43.5 ± 3.3 b 
 
32 18.2 ± 1.2 c 5.5 ± 0.7 ab 2.2 ± 0.3 ab 7.2 ± 0.3 e 5.8 ± 0.3 a 1.7 ± 0.2 a 2.1 ± 0.1 a 42.6 ± 2.6 b 
 
37 14.0 ± 1.4 bc 5.0 ± 0.7 ab 1.3 ± 0.1 a 5.3 ± 0.4 bcd 4.6 ± 0.2 a 1.2 ± 0.1 a 1.9 ± 0.1 a 33.4 ± 2.3 ab 
summer 14 37.0 ± 1.1 e 11.0 ± 0.5 d 5.2 ± 0.1 d 6.0 ± 0.3 d 18.4 ± 0.9 c 7.1 ± 0.4 c 6.0 ± 0.2 cd 89.7 ± 2.9 d 
 
20 36.7 ± 3.5 e 8.1 ± 0.5 c 3.6 ± 0.1 c 4.9 ± 0.9  abcd 18.4 ± 1.5 c 8.2 ± 0.7 c 6.6 ± 0.6 d 85.7 ± 7.4 d 
 
23 26.9 ± 2.2 d 5.6 ± 0.7 ab 3.0 ± 0.6 bc 4.3 ± 0.5 ab 11.3 ± 2.2 b 4.9 ± 0.8 b 5.4 ± 0.4 bc 59.7 ± 6.5 c 
 
26 23.8 ± 1.3 d 4.9 ± 0.7 a 2.3 ± 0.6 ab 5.0 ± 0.5 bcd 9.1 ± 0.6 b 4.2 ± 0.3 b 5.5 ± 0.2 c 54.5 ± 2.7 c 
 
29 23.9 ± 1.7 d 5.3 ± 0.5 ab 1.9 ± 0.5 a 4.7 ± 0.4 abc 8.9 ± 0.6 b 4.2 ± 0.4 b 4.8 ± 0.4 b 53.7 ± 3.1 c 
overall mean autumn 15.2 5.6 2.0 5.7 5.2 1.5 2.1 37.1 
overall mean summer 28.5 6.5 3.2 4.7 12.0 5.2 5.5 64.6 
1p-value season <0.0001 0.0018 <0.0001 0.7056 <0.0001 <0.0001  <0.0001 <0.0001  
2p-value DAP 0.1640 <0.0001 0.0002 0.0037 <0.0001 0.0006 0.0372 0.0134 
Carotenoid profile: μg g-1 (dry weight basis). Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n = 6. 
nd = no data. 1Season effect at P = 0.05. 2Kernel maturity effect at P = 0.05. 
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Figure 4.4. Carotenoid profile and colour variables (L*, C*, hue) in the different sweet-corn 
hybrids harvested in autumn and summer at different stages of maturity.  
Decreasing of moisture in autumn corresponds to 17, 22, 27, 32, 37, 42 and 60 DAP respectively, and in 
summer corresponds to 14, 20, 23, 26, 29 and 35 DAP respectively. 
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Figure 4.5. β-branch carotenoid concentration in the different sweet-corn hybrids 
harvested in autumn and summer at different stages of maturity. 
DAP: days after pollination. β-branch carotenoids: β-carotene, β-cryptoxanthin, zeaxanthin, and 
antheraxanthin. 
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Table 4.8. Main carotenoids in the zeaxanthin-biofortified and a commercial yellow 
sweet-corn hybrid harvested in autumn 
DAP Hybrid lutein zeaxanthin β-cryptoxanthin β-carotene total carotenoid  
17 ‘14-6x10-3’ 0.6 ± 0.1 a 4.6 ± 0.5 c 0.8 ± 0.1 c 0.6 ± 0.0 b 7.9 ± 0.7 b 
  ‘23-6x2-9’  0.6 ± 0.1 a 4.4 ± 0.2 c 0.7 ± 0.1 c 0.6 ± 0.0 b 7.5 ± 0.4 b 
  ‘23-7x1-1’  0.7 ± 0.1 a 2.8 ± 0.1 b 0.3 ± 0.0 ab 0.4 ± 0.0 a 5.3 ± 0.2 a 
  ‘2-9x11-7’  0.7 ± 0.1 a 2.6 ± 0.2 b 0.4 ± 0.0 b 0.4 ± 0.0 a 5.4 ± 0.4 a 
  ‘Hybrix 5’ 1.3 ± 0.1 b 0.8 ± 0.1 a 0.2 ± 0.0 a 0.4 ± 0.0 a 4.6 ± 0.3 a 
22 ‘14-6x10-3’ 0.7 ± 0.1 a 9.5 ± 0.5 d 1.4 ± 0.0 c 1.2 ± 0.1 b 14.5 ± 0.8 c 
  ‘23-6x2-9’  1.1 ± 0.1 b 7.3 ± 0.8 c 1.2 ± 0.2 c 1.2 ± 0.2 b 12.6 ± 1.3 c 
  ‘23-7x1-1’  1.0 ± 0.1 ab 4.6 ± 0.2 b 0.5 ± 0.0 b 0.7 ± 0.0 a 8.3 ± 0.2 b 
  ‘2-9x11-7’  1.2 ±  0.1 b 4.7 ± 0.4 b 0.8 ± 0.1 b 0.7 ± 0.0 a 9.2 ± 0.6 b 
  ‘Hybrix 5’ 1.9 ± 0.2 c 0.8 ± 0.1 a 0.2 ± 0.0 a 0.4 ± 0.0 a 5.9 ± 0.5 a 
27 ‘14-6x10-3’ 1.9 ± 0.2 a 13.3 ± 0.7 c 1.4 ± 0.1 b 1.9 ± 0.1 b 20.8 ± 1.1 c 
  ‘23-6x2-9’  1.4 ± 0.1 a 8.9 ± 0.5 b 1.5 ± 0.1 b 1.6 ± 0.1 b 15.2 ± 0.8 ab 
  ‘23-7x1-1’  2.1 ± 0.2 a 8.8 ± 1.0 b 1.3 ± 0.2 b 1.7 ± 0.2 b 16.6 ± 1.9 b 
  ‘2-9x11-7’  2.3 ± 0.2 a 9.9 ± 0.8 b 1.6 ± 0.2 b 1.6 ± 0.1 b 18.6 ± 1.4 bc 
  ‘Hybrix 5’ 5.2 ± 0.5 b 1.5 ± 0.1 a 0.5 ± 0.0 a 0.6 ± 0.0 a 11.7 ± 0.9 a 
32 ‘14-6x10-3’ 2.2 ± 0.3 a 15.4 ± 0.2 c 1.5 ± 0.1 b 2.9 ± 0.2 c 25.8 ± 0.6 b 
  ‘23-6x2-9’  1.9 ± 0.1 a 14.0 ± 0.5 bc 2.3 ± 0.1 c 3.7 ± 0.2 d 24.8 ± 0.8 b 
  ‘23-7x1-1’  2.8 ± 0.3 a 12.6 ± 1.5 b 1.5 ± 0.2 b 2.4 ± 0.3 bc 22.8 ± 2.6 b 
  ‘2-9x11-7’  2.7 ± 0.3 a 11.7 ± 1.6 b 1.6 ± 0.2 b 2.0 ± 0.3 b 21.4 ± 2.6 b 
 
‘Hybrix 5’ 5.3 ± 0.4 b 1.7 ± 0.1 a 0.5 ± 0.0 a 0.6 ± 0.0 a 12.3 ± 0.8 a 
37 ‘14-6x10-3’ 1.6 ± 0.2 a 18.7 ± 1.1 d 2.2 ± 0.1 d 3.6 ± 0.4 c 29.9 ± 1.8 c 
  ‘23-6x2-9’  2.5 ± 0.2 b 16.0 ± 0.2 c 2.5 ± 0.1 d 4.9 ± 0.4 d 29.3 ± 0.7 c 
  ‘23-7x1-1’  2.4 ± 0.3 ab 11.1 ± 1.5 b 1.1 ± 0.3 b 2.6 ± 0.5 b 20.2 ± 2.6 b 
  ‘2-9x11-7’  2.6 ± 0.1 b 12.2 ± 0.6 b 1.6 ± 0.1 c 2.7 ± 0.1 bc 22.7 ± 0.9 b 
  ‘Hybrix 5’ 4.0 ± 0.4 c 1.3 ± 0.1 a 0.3 ± 0.0 a 0.5 ± 0.0 a 9.6 ± 0.7 a 
Main carotenoids concentration: μg g-1 (fresh weight basis). Different letters within a column for the same 
DAP indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n = 6. nd = no data. 
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Table 4.9. Main carotenoids in the zeaxanthin-biofortified and a commercial yellow 
sweet-corn hybrid harvested in summer. 
DAP Hybrid lutein zeaxanthin β-cryptoxanthin    β-carotene total carotenoid 
14 ‘14-6x10-3’ 1.6 ± 0.1 a 7.1 ± 1.1 b 1.2 ± 0.1 a 1.4 ± 0.1 a 13.4 ± 1.5 a 
  ‘23-6x2-9’  2.8 ± 0.1 b 10.8 ± 0.8 c 3.1 ± 0.4 b 2.3 ± 0.2 b 21.3 ± 1.3 b 
  ‘23-7x1-1’  2.6 ± 0.1 b 14.8 ± 1.0 d 3.0 ± 0.4 b 3.2 ± 0.2 c 27.4 ± 1.8 c 
  ‘2-9x11-7’  2.7 ± 0.2 b 13.7 ± 1.3 d 3.6 ± 0.7 b 2.3 ± 0.3 b 24.8 ± 2.3 bc 
  ‘Hybrix 5’ 6.6 ± 0.2 c 3.3 ± 0.2 a 1.3 ± 0.1 a 1.1 ± 0.1 a 16.1 ± 0.6 a 
20 ‘14-6x10-3’ 2.5 ± 0.1 a 18.8 ± 1.7 b 2.6 ± 0.3 b 5.0 ± 0.4 b 31.8 ± 2.5 b 
  ‘23-6x2-9’  3.3 ± 0.1 bc 18.6 ± 0.6 b 5.5 ± 0.4 c 5.0 ± 0.4 c 35.3 ± 1.2 b 
  ‘23-7x1-1’  2.5 ± 0.3 ab 19.2 ± 0.8 b 5.6 ± 0.3 c 3.8 ± 0.4 b 33.7 ± 1.5 b 
  ‘2-9x11-7’  3.9 ± 0.2 c 23.1 ± 1.1 c 5.7 ± 0.3 c 5.7 ± 0.3 c 41.6 ± 1.4 c 
  ‘Hybrix 5’ 8.9 ± 0.8 d 4.4 ± 0.4 a 2.0 ± 0.2 a 1.6 ± 0.1 a 20.7 ± 1.6 a 
23 ‘14-6x10-3’ 2.1 ± 0.1 a 26.4 ± 0.8 c 4.7 ± 0.2 b 4.8 ± 0.2 b 41.1 ± 0.6 c 
  ‘23-6x2-9’  3.2 ± 0.2 ab 20.8 ± 1.1 b 7.7 ± 0.7 c 4.3 ± 0.3 b 38.8 ± 1.9 b 
  ‘23-7x1-1’  3.2 ± 0.1 ab 19.4 ± 1.4 b 4.3 ± 0.6 b 5.2 ± 0.4 b 34.5 ± 2.4 b 
  ‘2-9x11-7’  3.6 ± 0.2 b 18.5 ± 1.0 b 4.1 ± 0.4 b 5.2 ± 0.3 b 34.2 ± 2.0 b 
  ‘Hybrix 5’ 7.0 ± 0.5 c 2.9 ± 0.5 a 1.3 ± 0.2 a 1.4 ± 0.1 a 15.5 ± 1.5 a 
26 ‘14-6x10-3’ 2.8 ± 0.1 a 26.7 ± 2.8 c 3.6 ± 0.6 b 6.1 ± 0.7 b 42.3 ± 4.3 cd 
  ‘23-6x2-9’  3.8 ± 0.2 bc 28.1 ± 1.2 c 7.7 ± 0.5 d 4.8 ± 0.9 b 48.8 ± 2.7 d 
  ‘23-7x1-1’  3.4 ± 0.1 ab 19.7 ± 0.8 b 3.6 ± 0.4 b 5.4 ± 0.4 b 34.9 ± 1.1 b 
  ‘2-9x11-7’  4.4 ± 0.2 c 20.8 ± 0.8 b 5.3 ± 0.6 c 5.9 ± 0.3 b 39.0 ± 1.6 bc 
 
‘Hybrix 5’ 6.9 ± 0.5 d 2.6 ± 0.2 a 1.2 ± 0.1 a 1.6 ± 0.1 a 15.6 ± 0.9 a 
29 ‘14-6x10-3’ 3.16 ± 0.2 a 28.6 ± 2.0 c 3.5 ± 0.4 b 6.7 ± 0.6 c 44.6 ± 2.9 b 
  ‘23-6x2-9’  3.54 ± 0.3 a 26.3 ± 2.4 bc 7.0 ± 0.6 c 4.2 ± 0.7 b 45.2 ± 3.3 bc 
  ‘23-7x1-1’  4.28 ± 0.3 ab 23.5 ± 0.8 b 4.1 ± 0.5 b 6.8 ± 1.1 c 41.7 ± 1.4 b 
  ‘2-9x11-7’  5.17 ± 0.3 b 26.8 ± 1.4 bc 6.1 ± 0.6 c 10.0 ± 0.7 d 51.5 ± 2.8 c 
  ‘Hybrix 5’ 7.67 ± 0.6 c 2.8 ± 0.2 a 1.3 ± 0.1 a 1.5 ± 0.1 a 17.1 ± 0.9 a 
Main carotenoids concentration: μg g-1 (fresh weight basis). Different letters within a column for the same 
DAP indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE n = 6. nd = no data. 
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4.4.3. Genotype effect on carotenoid content at optimum eating stage 
As mentioned in section 4.3.1 in the present chapter, the moisture content at optimum 
eating stage for the studied hybrids was likely to be between 72-76 %. These ranges of 
moisture content were reached at different stages of kernel development in autumn (22–27 
DAP) and summer (20-23 DAP). Apart from the significant effect influence of season on 
carotenoid profile (section 4.3.2), inherited genetic differences between the hybrids also 
affected the carotenoid profile. As mentioned earlier, sweet-corn is eaten as a fresh 
vegetable, and therefore from a dietary point of view, it is also important to be aware of the 
carotenoid content on a fresh weight basis as shown in Table 4.10.  
At eating maturity stage for the autumn harvest (22-27 DAP), the hybrid ‘14-6x10-3’ had a 
significantly higher content of zeaxanthin (~1.5 fold) and total carotenoid content (~1.3 
fold) compared to the other three zeaxanthin-biofortified hybrids, which largely had similar 
zeaxanthin and total carotenoid concentrations. Apart from higher zeaxanthin and total 
carotenoid content in ‘14-6x10-3’, no other significant differences were observed in the 
major individual carotenoids of the other three zeaxanthin-biofortified hybrids, except for 
the higher lutein concentration in the ‘2-9x11-7’ hybrid in autumn at eating stage (Table 
4.10). In summer, at eating stage (Table 4.10), the hybrid ‘14-6x10-3’ also had a trend 
towards higher zeaxanthin content, but it was not statistically different from the other 
zeaxanthin-biofortified hybrids. The hybrid ‘23-6x2-9’ had a significantly higher β-
cryptoxanthin content compared to the other high-zeaxanthin hybrids, and the hybrid ‘2-
9x11-7’ again had the highest content of lutein.  
As was expected, in both the autumn and summer harvests, the commercial yellow sweet-
corn had the highest content of lutein, approximately 2-fold higher compared to the 
zeaxanthin-biofortified hybrids. ‘Hybrix 5’ also had the lowest zeaxanthin content (~6-9 fold 
less), lowest β-cryptoxanthin and β-carotene content (3-4 fold less) and the lowest total 
carotenoid content (~2 fold less) of all the evaluated hybrids (Table 4.10). This observation 
was also made by O’Hare et al. (2015) who mentioned the zeaxanthin-biofortified hybrids 
have higher content of β-branch carotenoids as result of a shift towards to β-branch 
carotenoids synthesis. 
The values of zeaxanthin based on fresh weight from the zeaxanthin-biofortified hybrids 
harvested at eating stage in autumn were ~ 7 to 12 μg g-1 (FW), and in summer ~ 19 to 21 
μg g-1 (FW) (Table 4.10). These zeaxanthin concentrations, and particularly those obtained 
in autumn, were lower than that reported by O’Hare et al. (2015) in a high zeaxanthin 
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sweet-corn accession up to 25 μg g-1 (FW). Taking into account that the goal of developing 
high zeaxanthin sweet corn was to achieve 20 μg g-1 (FW) of zeaxanthin (O’Hare et al. 
2015), it is likely the zeaxanthin-biofortified hybrids growth in autumn won’t reach the 
target zeaxanthin concentration. In summer, however, the zeaxanthin concentration was 
within the expected target range. Consequently, it is important to maximise zeaxanthin 
concentration at the optimum eating stage by delaying harvest in autumn to as late as 
acceptable. In the present trial, an acceptable moisture content for optimum eating 
acceptability fell within a 5 d period in autumn (22 to 27 DAP) and within a 3 d period in 
summer (20 to 23 DAP). A possibility to maximise zeaxanthin concentration is to harvest at 
the latest acceptable kernel maturity as possible, which in autumn equates to 27 DAP. 
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Table 4.10. Carotenoid profile of the zeaxathin-biofortified and the commercial yellow sweet-corn hybrids harvested at eating 
stage in autumn and summer  
season Hybrid lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotene 
autumn ‘14-6x10-3’ 1.5 ± 0.2 a 0.6 ± 0.1 ab 0.3 ± 0.1 bc 1.4 ± 0.1 bc 11.9 ± 0.6 c 1.4 ± 0.1 b 1.6 ± 0.1 b 18.6 ± 1.0 c 
  ‘23-6x2-9’ 1.2 ± 0.3 a 0.6 ± 0.1 a 0.4 ± 0.1 cd 0.9 ± 0.1 a 8.0 ± 0.5 b 1.3 ± 0.1 b 1.4 ± 0.1 b 13.9 ± 0.8 ab 
  ‘23-7x1-1’ 1.7 ± 0.2 ab 0.7 ± 0.1 ab 0.7 ± 0.1 ef 1.3 ± 0.1 bc 7.4 ± 0.8 b 1.0 ± 0.1 ab 1.4 ± 0.2 b 13.9 ± 1.5 ab 
  ‘2-9x11-7’  1.9 ± 0.1 b 0.9 ± 0.1 bc 0.6 ± 0.1 de 1.3 ± 0.1 bc 8.0 ± 0.8 b 1.3 ± 0.1 b 1.3 ± 0.1 b 15.3 ± 1.4 bc 
  ‘Hybrix 5’  4 ± 0.4 e 1.6 ± 0.1 e 0.6 ± 0.1 de 1.3 ± 0.1 bc 1.30 ± 0.1 a 0.4 ± 0.1 a 0.5 ± 0.1 a 9.7 ± 0.9 a 
          
summer ‘14-6x10-3’ 2.4 ± 0.3 bc 0.9 ± 0.1 bcd 0.1 ± 0.01 ab 2.0 ± 0.1 e 21.0 ± 1.4 d 3.2 ± 0.3 c 5.0 ± 0.2 cd 34.6 ± 2 d 
  ‘23-6x2-9’  3.2 ± 0.1 cd 1.2 ± 0.1 d nd 1.6 ± 0.1 cd 19.6 ± 0.6 d 6.6 ± 0.5 e 4.7 ± 0.2 cd 37 ± 1.1 d 
  ‘23-7x1-1’ 3.0 ± 0.1 cd 1.0 ± 0.1 cd 0.1 ± 0.01 ab 1.4 ± 0.1 bc 19.3 ± 0.9 d 4.8 ± 0.4 d 4.7 ± 0.3 c 34.2 ± 1.6 d 
  ‘2-9x11-7’  3.7 ± 0.1 e 1.0 ± 0.1 cd 0.03 ± 0.01 a 1.9 ± 0.1 de 20.0 ± 0.9 d 4.6 ± 0.3 d 5.4 ± 0.2 d 36.7 ± 1.6 d 
  ‘Hybrix 5’  7.6 ± 0.4 f 1.6 ± 0.1 e 0.8 ± 0.1 f 1.1 ± 0.1 ab 3.4 ± 0.4 a 1.5 ± 0.1 b 1.5 ± 0.1 b 17.2 ± 1.2 bc 
  1p-value <0.0001 0.0001 0.0147 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Carotenoid profile: μg g-1 (fresh weight basis). Autumn harvest: 22-27 DAP. Summer harvest: 20-23 DAP. Different letters within a column indicate significant 
difference according to Fisher LSD test (P < 0.05). Mean ± SE, n = 24. nd = no data 1Season effect significance at P = 0.05.
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4.4.4. Genotype effect on overall carotenoid content 
The overall means of total carotenoid content in kernels from the autumn and summer 
harvest are shown in Table 4.11. Amongst the hybrids, in autumn the zeaxanthin-
biofortified hybrid ‘14-6x10-3’ developed significantly higher concentrations of zeaxanthin, 
antheraxanthin, and total carotenoids. It also had a higher content of β-cryptoxanthin and 
β-carotene compared to ‘23-7x1-1’ and ‘2-9x11-7’. After ‘14-6x10-3’, the hybrid ‘23-6x2-9’ 
had a significantly higher concentration of zeaxanthin, β-cryptoxanthin, β-carotene and 
total carotenoids compared to ‘23-7x1-1’ and ‘2-9x11-7’ which had a similar carotenoid 
profile in autumn (Table 4.11). In summer, there were no significant differences in regard 
to zeaxanthin, α-carotene, antheraxanthin and total carotenoid concentration between the 
zeaxanthin-biofortified hybrids (Table 4.11). The main differences between the zeaxanthin-
biofortified hybrids in summer were in relation to the significantly higher lutein 
concentration of ‘2-9x11-7’, and the significantly higher concentration of β-cryptoxanthin in 
‘23-6x1-1’, compared to the other zeaxanthin-biofortified hybrids. 
As expected, the commercial yellow sweet-corn ‘Hybrix 5’ was significantly different from 
the zeaxanthin-biofortified hybrids for most of the evaluated carotenoids in both autumn 
and summer harvests. It exhibited significant higher concentration of the α-arm 
carotenoids: lutein (3 fold more), zeinoxanthin (2 fold more); and significantly lower content 
of zeaxanthin (6-10 fold less), β-cryptoxanthin (4 fold less), β-carotene (4-5 fold less) and 
total carotenoid content (2 fold less). At the summer harvest, the hybrid ‘Hybrix 5’ followed 
this same trend as in autumn, but it also was significantly higher in α-carotene content (5 
fold more) and significantly lower in antheraxanthin content (1.4 fold less) compared to the 
zeaxanthin-biofortified hybrids (Table 4.11). 
The overall mean carotenoid differences in autumn and summer within the zeaxanthin-
biofortified hybrids and between them and the commercial yellow sweet-corn followed the 
same trends as observed at eating stage (section 4.3.3). These differences were also 
supported by principal component analysis as shown in Figure 4.6. According to the 
principal component analysis, the first PC1 (principal component 1) and PC2 (principal 
component 2) accounted together for the 96 % of the total variation. PC1 was associated 
with increased concentration of the β-branch carotenoids (zeaxanthin, β-carotene, β-
cryptoxanthin and antheraxanthin), so that the greatest variability between the hybrids 
were explained by these variables. PC1 also negatively correlated the zeaxanthin-
biofortified hybrids characterized as having a higher concentration of β-branch carotenoids 
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than those with a higher concentration of α-branch carotenoids (zeinoxanthin, lutein, and 
α-carotene), represented in this case by the commercial yellow hybrid, ‘Hybrix 5’.   
This main separation given by PC1 is related to shifting the biosynthesis pathway towards  
the β-branch and away from the α-branch in the zeaxanthin-biofortified sweet-corn hybrids, 
as it has been mentioned by O’Hare et al. (2015). This has been shown in different 
lycopene cyclase enzyme activities in which a weaker lycopene-epsilon cyclase enzyme 
activity results in less epsilon rings getting formed and so less α-branch carotenes (Aluru 
et al. 2008; Lu & Li 2008). 
The minimum spanning tree from the principal components graph (Figure 4.6) allowed a 
better visualization of the associations between hybrids. The zeaxanthin-biofortified hybrid 
‘14-6x10-3’, which was characterized as having a higher concentration of antheraxanthin, 
zeaxanthin and β-carotene, was closer to the hybrid ‘2-9x11-7’, also characterized for 
higher concentration of zeaxanthin and β-carotene. The hybrids ‘2-9x11-7’, ‘23-7x1-1’ and 
‘23-6x2-9’ were closer in proximity to each other, however ‘23-6x2-9’ was linked with a 
higher β-cryptoxanthin concentration, whilst the hybrid ‘23-7x1-1’ had the lowest 
concentration of β-branch carotenoids compared to the other zeaxanthin-biofortified 
hybrids. As mentioned before, opposite to the zeaxanthin-biofortified hybrids was the 
commercial yellow sweet-corn ‘Hybrix 5’, characterized by its higher concentration of 
lutein, zeinoxanthin and α-carotene. 
Table 4.12 shows the carotenoid correlation matrix from the principal components 
analysis. The observed correlations followed the synthesis pathway of carotenoids in 
which a significant and positive correlation of α-branch carotenoids followed the order of α-
carotene zeinoxanthin and lutein. Correlations between the β-branch carotenoids were 
positive, but the only significant correlation occurred between β-carotene and zeaxanthin. 
This was not surprising, as β-carotene is the common precursor for the β-branch 
carotenoids (Taylor et al. 2005). The synthesis pathway of carotenoids was also reflected 
in the correlation between the α-branch and β-branch carotenoids, which were all negative 
(Table 4.12).
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Table 4.11. Overall means for the carotenoid profile of the zeaxathin biofortified and a commercial yellow sweet-corn hybrids 
harvested in autumn and summer 
season Hybrid lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
autumn ‘14-6x10-3’ 5.8 ± 0.5 a 3.0 ± 0.1 a 2.0 ± 0.2 b 6.2 ± 0.4 bc 47.6 ± 2.2 d 5.6 ± 0.2 bc 7.8 ± 0.5 cd 76.9 ± 3.4 d 
 ‘23-6x2-9’ 5.5 ± 0.3 a 2.3 ± 0.1 a 1.7 ± 0.04 b 4.8 ± 0.3 a 37.5 ± 2.0 c 6.1 ± 0.3 c 8.4 ± 0.9 d 66.1 ± 3.6 bcd 
 ‘23-7x1-1’ 6.7 ± 0.4 a 2.6 ± 0.1 a 2.3 ± 0.2 b 5.4 ± 0.3 ab 30.0 ± 2.0 c 3.7 ± 0.3 b 5.6 ± 0.5 bc 55.0 ± 3.7 b 
 ‘2-9x11-7’ 7.2 ± 0.4 ab 3.2 ± 0.1 ab 2.0 ± 0.1 b 5.6 ± 0.3 ab 31.2 ± 2.0 c 4.5 ± 0.3 bc 5.5 ± 0.4 b 58.7 ± 3.4 bc 
 ‘Hybrix 5’ 15.0 ± 1.0 e 5.8 ± 0.3 c 2.1 ± 0.1 b 5.5 ± 0.3 ab 5.1 ± 0.2 a 1.5 ± 0.1 a 2.1 ± 0.1 a 37.0 ± 1.7 a 
          
summer ‘14-6x10-3’ 8.9 ± 0.2 b 3.6 ± 0.4 b 1.0 ± 0.3 a 6.6 ± .4 c 73.2 ± 5.0 e 10.5 ± 0.8 d 16.7 ± 1.1 f 120 ± 6.9 e 
 ‘23-6x2-9’ 12.1 ± 0.3cd 5.0 ± 0.1 c nd 6.7 ± 0.2 c 70.4 ± 3.2 e 21.0 ± 1.2 f 14.3 ± 0.9 e 130.0 ± 5.0 ef 
 ‘23-7x1-1’ 11.4 ± 0.3 c 3.9 ± 0.3 b 0.6 ± 0.1 a 6.0 ± 0.3 bc 68.4 ± 2.0 e 15.6 ± 1.0 e 16.9 ± 0.6 f 122.3 ± 3.4 ef 
 ‘2-9x11-7’ 13.8 ± 0.4 de 3.9 ± 0.2 b 0.4 ± 0.1 a 6.1 ± 0.2 bc 70.6 ± 2.1 e 17.0 ± 1.0 e 19.4 ± 1.0 f 131 ± 4.1 f 
 ‘Hybrix 5’ 29.0 ± 1.1 f 7.0 ± 0.4 d 3.2 ± 0.3 c 5.0 ± 0.2 a 12.7 ± 0.8 b 5.5 ± 0.3 bc 5.6 ± 0.2 b 67.0 ± 3.0 cd 
 1p-value <0.0001 <0.0001 0.0251 0.0011 <0.0001 <0.0001 <0.0001 <0.0001 
Carotenoid profile: μg g-1 (dry weight basis). Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE, n = 
72. 1Season effect significance at P = 0.05. nd = no data
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Figure 4.6. Principal component analysis for the carotenoid profile of the zeaxanthin-
biofortified and the commercial yellow sweet-corn hybrids 
Zeaxanthin biofortified hybrids ‘14-6x10-3’ (1), ‘2-9x11-7’ (2), ‘23-7x1-1’ (3), ‘23-6x2-9’ (4). Commercial 
yellow hybrid ‘Hybrix 5’ (5). All hybrids were harvested in autumn (17, 22, 27, 32, 37 and 42 DAP) and 
summer (14, 20, 23, 26, 29 and 35 DAP). 
Table 4.12. Correlation matrix from the principal component analysis for the 
carotenoid profile of the zeaxanthin-biofortified and the commercial yellow sweet-
corn hybrids 
 
lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene 
lutein 1 
      
zeinoxanthin 0.98 1 
     
α-carotene 0.95 0.99 1 
    
antheraxanthin -0.78 -0.73 -0.68 1 
   
zeaxanthin -0.99 -0.97 -0.95 0.83 1 
  
β-cryptoxanthin -0.77 -0.7 -0.73 0.42 0.76 1 
 
β-carotene -0.96 -0.99 -0.99 0.78 0.98 0.72 1 
All hybrids were harvested in autumn (17, 22, 27, 32, 37 and 42 DAP) and summer (14, 20, 23, 26, 29 and 
35 DAP). Numbers in bold indicate significantly different from zero at P < 0.05. 
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4.4.5. Relationship between carotenoid content and external kernel colour 
Lightness (L*) 
Measurement of colour variable lightness (L*) of each hybrid at different maturity stages 
within the autumn and summer harvests is shown in Table 4.13. Lightness was not 
affected by season harvest (p ˃ 0.05) except for the hybrid ‘14-6x10-3’ (Table 4.13). In 
general, as kernel maturity increased from an earlier to a later stage, the value of lightness 
(L*) did not show any significant change, except for a significant decrease in the last 
maturity stages especially in summer (29-35 DAP) (Table 4.13 and Figure 4.4). Decreases 
in the L* value indicate changes in colour from lighter (higher L* value) to darker colour 
(lower L* value) (McGuire 1992).  
Tables 4.16 and 4.17 show Pearson correlations between the colour, main carotenoids 
and the sum of zeaxanthin, β-carotene and β-cryptoxanthin in the zeaxanthin-biofortified 
sweet-corn hybrids (Table 4.16) and the zeaxanthin-biofortified hybrids within the 
commercial yellow sweet-corn (Table 4.17). The correlation coefficient in both Pearson 
analysis (0.44 and 0.36) between L* and moisture supports that even when it was not 
strong, there was a positive significant relationship within the lightness and moisture 
content of the hybrids. This may explain the decreasing in L* at later maturity stages 
Decreases in L* value have also been reported to be related to the dehydration process of 
fruits like apple, pear, mango and papaya (Chong et al. 2013). 
Changes in L* also correlated significantly to carotenoid content, but in contrast to the 
positive correlation of moisture content with carotenoids, the correlation was negative. 
Although it was significant, the correlations between both L* and moisture content, and L* 
and carotenoids, were not high, which may account for the absence of significant changes 
in L* with kernel maturity stage until the very last maturity stage, suggesting that only large 
changes in moisture and carotenoid content (FW) are reflected by L* changes. This was 
supported by the higher negative correlation between L* and β-carotene (-39 to -48 DAP) 
compared to the other carotenoids (-24 to -42 DAP) (Tables 4.16 and 4.17). As 
concentration of β-carotene continued to increase until late kernel maturity, this stronger 
correlation between L* and β-carotene supports that only the larger changes in carotenoid 
accumulation would potentially affect the lightness of the kernel colour. 
Significant differences in L* value were found in the commercial yellow sweet-corn ‘Hybrix 
5’ compared to the zeaxanthin-biofortified hybrids. At all maturity stages (based on similar 
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moisture content), excepting 22 DAP in autumn and 20 DAP in summer, ‘Hybrix 5’ 
recorded a significantly higher L* value compared to the zeaxanthin-biofortified hybrids, 
simply indicating that this hybrid has a lighter colour. 
Table 4.13. Lightness (L*) value in the zeaxanthin biorfortified and commercial 
yellow sweet-corn hybrids 
season DAP ‘14-6x10-3’ ‘23-6x2-9’  ‘23-7x1-1’ ‘2-9x11-7’ ‘Hybrix 5’ 1LSD 
autumn 17 73.8 ± 0.4 d nd 71.9 ± 0.4 cd 70.9 ± 0.4 a 73.6 ± 0.3 bc 1.1 
  22 72.9 ± 0.4cd 73.0 ± 0.7 bc 73.1 ± 0.2 cd 73.2 ± 0.4 c 74.0 ± 0.5 bcd ns 
  27 72.7 ± 0.4 cd 71.2 ± 0.6 ab 71.8 ± 0.5 cd 72.6 ± 0.3 bc 74.7 ± 0.4 cd 1.3 
  32 72.7 ± 0.4 cd 72.6 ± 0.6 bc 71.4 ± 0.5 c 71.7 ± 0.5 ab 74.6 ± 0.4 cd 1.4 
  37 73.9 ± 0.7 d 71.7 ± 1.1 ab 72.0 ± 0.8 cd 72.7 ± 0.5 bc 76.5 ± 0.4 e 2.2 
  42 72.7 ± 1.1 cd nd 68.7 ± 1.4 b nd 74.2 ± 0.6 bcd 2.9 
        
summer 14 71.9 ± 0.3 bc 72.4 ± 0.5 b 72.8 ± 0.3 cd 73.2 ± 0.4 c 73.2 ± 0.2 b 1.0 
  20 72.5 ± 0.6 b cd 74.4 ± 0.4 c 73.0 ± 0.6 cd 73.0 ± 0.6 bc 74.1 ± 0.5 bcd ns 
  23 73.4 ± 0.5 d 72.9 ± 0.4 bc 72.0 ± 0.3 cd 73.5 ± 0.4 c 74.7 ± 0.2 cd 1.2 
  26 72.9 ± 0.3 cd 72.1 ± 0.4 ab 73.1 ± 0.4 d 73.2 ± 0.3 c 75.0 ± 0.5 d 1.2 
  29 70.9 ± 0.3 b 70.3 ± 0.7 a 71.6 ± 1.0 cd 71.2 ± 0.5 a 74.9 ± 0.3 d 1.6 
  35 67.0 ± 0.9 a nd 64.1 ± 0.8 a nd 70.9 ± 0.8 a 3.0 
2p-value (season x DAP) <0.0001 0.0419 0.0004 0.0124 0.0007  
overall mean autumn 73.0 71.9 71.5 72.2 74.6   
overall mean summer 71.8 72.4 71.8 72.4 74.1   
3p-value (season) 0.0022 0.2561 0.6059 0.6461 0.1077   
Hybrids harvested in autumn (17, 22, 27, 32, 37 and 42 DAP) and summer (14, 20, 23, 26, 29 and 35 DAP). 
Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean 
± SE n = 6. nd = no data. 1Hybrid effect significance at P = 0.05. 2Season x DAP interaction significance at P 
= 0.05. 3Season effect significance at P = 0.05. ns = not significant. 
Chroma (C*) 
The value of the chroma was not affected by season (p-value season ˃ 0.05) (Table 4.14). 
In general, C* increased with kernel maturity in all the hybrids within both seasons (autumn 
and summer) (Table 4.14) except in autumn at 60 DAP (Figure 4.4). This increase in the 
C* indicates a change from a duller colour to a more brighter or vivid colour (McGuire 
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1992). As C* increased and moisture decreased with maturity, a significant and negative 
correlation coefficient (-0.56) between C* and moisture content were observed within the 
zeaxanthin-biofortified hybrids in the Pearson correlation analysis (Table 4.16), and 
between all the hybrids including ‘Hybrix 5’ (-0.48) (Table 4.17). However, this correlation 
analysis did not include 60 DAP in autumn when a greater lost in moisture content 
occurred and C* decreased (Figure 4.4). This may indicate that larger decreases in 
moisture content affect the C* value in a different way to less mature kernels, making the 
kernel external colour change from a brighter to a duller colour. 
A positive significant correlation was also observed between C* and carotenoids, 
suggesting that as carotenoid concentration increased (FW), the colour was brighter 
(Tables 4.16 and 4.17). For the zeaxanthin-biofortified hybrids, the higher correlation 
between C* and zeaxanthin (0.52) was similar to that between C* and the sum of the β-
branch carotenoids (0.5), and C* and total carotenoids (0.51) (Table 4.16). Also, there was 
a trend in which at same moisture content, the zeaxanthin-biofortified hybrids with higher 
zeaxanthin concentration also tended to have higher C* values (Tables 4.8, 4.9 and 4.14). 
These results suggest that as long as the kernels are at same maturity stage, the use of 
the C* value could be useful to identify those accessions with more zeaxanthin content 
within zeaxanthin-biofortified breeding lines. 
Compared to the zeaxanthin-biofortified hybrids, the commercial yellow sweet-corn ‘Hybrix 
5’ recorded significantly higher values of C* at all maturity stages in the summer harvest, 
however in autumn, the difference was significant only for the maturity stages after 27 DAP 
(~ 73% moisture) (Table 4.14).  
According to the Pearson correlations (tables 4.16 and 4.17), a significant positive 
correlation also occurred between C* and lutein concentration. However, for the 
zeaxanthin-biofortified hybrids, the correlation coefficient (0,41) was smaller than the 
correlation coefficient (0.59) when all the hybrids were included (including ‘Hybrix 5’). This 
stronger correlation was likely to be related to the higher content of lutein in ‘Hybrix 5’. 
Especially in summer, when ‘Hybrix 5’ had significantly higher values of lutein compared to 
that in autumn, the C* values were also significantly higher in this hybrid.  
The overall results in relation to chroma value suggest that using it as a tool to sort 
commercial yellow sweet-corn from lines with high zeaxanthin content could be confusing. 
Yellow sweet-corn lines probably would have a higher C* only when their concentration of 
lutein is also higher (like in summer), such that C* value differences between high 
zeaxanthin sweet-corn and yellow sweet-corn could be minimal. For this reason, it would 
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appear that C* should only be used to select hybrids with higher carotenoids when these 
hybrids are selected from within groups with the same genotype background and similar 
kernel maturity stage. 
Table 4.14. Chroma (C*) value in the zeaxanthin biorfortified and commercial yellow 
sweet-corn hybrids 
season DAP ‘14-6x10-3’ ‘23-6x2-9’  ‘23-7x1-1’ ‘2-9x11-7’ ‘Hybrix 5’ 1LSD  
autumn 17 44.8 ± 0.6 a nd 40.9 ± 0.8 a 35.2 ± 0.8 a 39.7 ± 1.8 a 3.2 
  22 48.8 ± 0.9 ab 46.9 ± 0.7 ab 48.0 ± 1.2 bcd 44.3 ± 0.6 b 47.1 ± 0.6 b 2.4 
  27 51.2 ± 1.3 bc 45.4 ± 1.2 a 47.9 ± 0.6 bc 48.6 ± 1.1 c 54.6 ± 0.8 d 2.9 
  32 51.1 ± 0.7 bc 50.8 ± 0.6 c 49.1 ± 1.0 cde 50.7 ± 1.0 cde 57.7 ± 0.6 f 2.5 
  37 54.7 ± 1.1 c 51.1 ± 1.0 c 48.0 ± 1.8 bcd 51.5 ± 0.8 de 57.2 ± 0.4 ef 3.1 
  42 53.2 ± 0.8 c nd  49.9 ± 0.9 cdef nd  57.6 ± 1.0 f 2.4 
        
summer 14 46.4 ± 0.9 a 46.0 ± 0.8 a 46.5 ± 0.9 b 43.6 ± 1.4 b 49.8 ± 0.8 c 2.8 
  20 50.2 ± 0.5 bc 51.7 ± 0.5 cd 51.1 ± 0.7 ef 48.1 ± 0.3 c 54.3 ± 0.6 d 1.6 
  23 50.7 ± 0.9 bc 49.2 ± 0.7 bc 48.9 ± 0.8 cde 49.4 ± 0.4 cd 55.1 ± 0.7 de 2.2 
  26 53.6 ± 2.3 c 51.2 ± 0.5 c 47.6 ± 0.7 bc 50.8 ± 0.6 cde 57.2 ± 0.4 f 3.5 
  29 50.5 ± 0.5 bc 53.9 ± 1.2 d 50.3 ± 0.8 def 52.8 ± 0.6 e 58.7 ± 0.9 f 2.2 
  35 52.8 ± 0.4 bc  nd 52.0 ± 0.9 f  nd 58.6 ± 1.5 f 2.6 
2p-value (season x DAP) 0.1437 0.1087 0.0033 0.0001 <0.0001  
overall mean autumn 50.7 49.1 47.5 46.9 53.3   
overall mean summer 50.5 49.7 48.8 49.5 55.3   
3p-value (season) 0.8095   0.5170   0.0584 0.0151 0.0503   
Hybrids harvested in autumn (17, 22, 27, 32, 37 and 42 DAP) and summer (14, 20, 23, 26, 29 and 35 DAP). 
Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean 
± SE n = 6. nd = no data. 1Hybrid effect significance at P = 0.05. 2Season x DAP interaction significance at P 
= 0.05. 3Season effect significance at P = 0.05. ns = not significant. 
Hue angle  
Hue angle was generally not affected by season (p-value season ˃ 0.05), except for the 
commercial yellow sweet-corn, ‘Hybrix 5’ (Table 4.15), which exhibited higher hue values 
at 17-22 DAP in autumn compared to 14-20 DAP in summer. 
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Significant differences (p-value < 0.05) in the hue angle between the zeaxanthin-
biofortified sweet-corn hybrids and the commercial yellow sweet-corn occurred in autumn 
and summer at all maturity stages (Table 4.15). In general, the commercial yellow sweet-
corn ‘Hybrix 5’ exhibited significantly higher hue angle values compared to the zeaxanthin-
biofortified hybrids. Similarly to that reported by O'Hare et al. (2014) and O’Hare et al. 
(2015), the higher hue angle values measured in ‘Hybrix 5’ corresponded to a yellow 
colour and were the typical values recorded in yellow sweet-corn (90˚). Whilst in the 
zeaxanthin-biofortified hybrids, the hue angle values corresponded to a golden-orange 
colour, and were similar to those values reported for zeaxanthin-biofortified hybrids (75˚) 
by O'Hare et al. (2014) and O’Hare et al. (2015). 
As lutein has a higher hue angle than zeaxanthin, β-carotene and β-cryptoxanthin 
(Meléndez-Martínez et al. 2007), this may indicate that the higher concentration of lutein in 
‘Hybrix 5’ compared to the zeaxanthin-biofortified sweet-corn hybrids, was the cause of a 
higher hue angle value in ‘Hybrix 5’. This was corroborated with the Pearson coefficient of 
correlation (0.2) between lutein and hue (Table 4.17). Even when this coefficient was not 
high, it was positive and significant compared to the same coefficient when ‘Hybrix 5’ was 
removed from the analysis (-0.54) (Table 4.16), indicating that lutein had an influence on 
producing a higher hue angle value. 
In a commercial yellow and high zeaxanthin sweet-corn lines, O’Hare et al. (2015) 
reported that a decline in the hue angle value was related to an increase in the 
concentration of zeaxanthin, and a stronger correlation (r2 = 0.84) was further found 
between the hue angle and the sum of zeaxanthin, β-carotene and β-cryptoxanthin, which 
are all similarly-coloured carotenoids. In the present study, the zeaxanthin-biofortified 
hybrids and the commercial yellow sweet-corn, also exhibited a significant negative 
correlation between hue angle and zeaxanthin content, and between hue angle and the 
sum of zeaxanthin, β-carotene and β-cryptoxanthin (Tables 4.16 and 4.17). However, in 
this case, zeaxanthin (alone) was slightly better correlated to hue angle. These results 
support the fact that sweet-corn hybrids with a golden-orange colour have a significantly 
higher content of zeaxanthin, β-carotene and β-cryptoxanthin, and a significantly lower 
value of hue angle compared to yellow sweet-corn. These differences are obvious and 
easily noticeable by the naked eye, supporting the observation previously reported by 
O’Hare et al. (2015) that the colour difference between zeaxanthin-biofortified hybrids and 
commercial yellow sweet-corn could be used as a marketing strategy to distinguish one 
from the other.  
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Therefore, hue angle may be useful to differentiate between high zeaxanthin hybrids and 
yellow sweet-corn. However, the existing trial indicated that hue angle is not useful to 
identify higher zeaxanthin content between the zeaxanthin-biofortified hybrids, as 
presented by the inherent colour differences between ‘2-9x11-7’ and the other three 
hybrids, ’14-7x10-3’, ‘23-6x2-9’ and ‘23-7x1-1’. In general, the hybrid ‘2-9x11-7’ had a 
significantly higher hue angle at all maturity stages in autumn when compared to the other 
zeaxanthin-biofortified hybrids (Table 4.15). Again, in summer, ‘2-9x11-7’ also presented 
higher hue angles, although in summer these differences were not always significantly 
(Table 4.15). Compared to the other zeaxanthin-biofortified hybrids, ‘2-9x11-7’ had more 
lutein but not necessarily less zeaxanthin, and it is probable that this higher lutein content 
influences the colour of this hybrid, which although more orange than the commercial 
yellow hybrid, it was still more yellow than the other zeaxanthin-biofortified hybrids (Tables 
4.8 and 4.9 and Figure 4.7).  
For the above reasons and as it was previously suggested, C* value is likely to be a more 
useful parameter to differentiate zeaxanthin-biofortified hybrids with higher zeaxanthin, as 
they will have a higher C* value, when compared at a similar stage of kernel maturity.  
61 
Table 4.15. Hue angle value in the zeaxanthin biorfortified and commercial yellow 
sweet-corn hybrids  
season DAP ‘14-6x10-3’ ‘23-6x2-9’  ‘23-7x1-1’ ‘2-9x11-7’ ‘Hybrix 5’ 1LSD 
autumn 17 83.9 ± 0.4 g nd 84.4 ± 0.2 h 87.7 ± 0.6 f 92.0 ± 0.2 e 1.1 
  22 80.5 ± 0.2 f 79.6 ± 0.8 ef 81.2 ± 0.4 g 85.3 ±1.3 e 91.0 ± 0.8 e 2.2 
  27 78.4 ± 0.3 e 78.0 ± 1.1 de 75.1 ± 0.7 e 79.0 ± 0.6 cd 87.3 ± 0.5 bc 1.8 
  32 75.8 ± 0.3 cd 75.3 ± 0.5 bc 73.0 ± 0.9 bcd 77.8 ± 0.6 bc 87.8 ± 0.4 c 1.7 
  37 77.2 ± 1.1 de 74.5 ± 1.01 ab 71.6 ± 1.7 bc 77.9 ± 0.8 bc 87.2 ± 0.8 bc 3.2 
  42 75.1 ± 0.8 cd nd 71.1 ± 0.6 b nd 86.4 ± 0.7 b 2.0 
        
summer 14 83.6 ± 0.7 g 83.6 ± 0.6 g 81.7 ± 0.6 g 84.7 ± 0.4 e 89.1 ± 0.2 d 1.5 
  20 78.8 ± 0.6 ef 80.6 ± 0.7 f 78.7 ± 0.3 f 80.0 ± 0.7 d 87.4 ± 0.4 bc 1.7 
  23 76.8 ± 0.8 d 77.1 ± 0.7 cd 74.2 ± 0.3 de 78.1 ± 0.2 c 86.8 ± 0.5 bc 1.6 
  26 74.3 ± 0.7 c 73.9 ± 0.3 ab 73.4 ± 0.6 cd 76.6 ± 0.4 b 86.4 ± 0.6 b 1.7 
  29 72.0 ± 0.4 b 72.7 ± 0.5 a 72.1 ± 0.8 bc 74.2 ± 0.4 a 84.9 ± 0.3 a 1.5 
  35 69.7 ± 0.4 a nd 68.0 ± 0.7 a nd 86.8 ± 0.6 bc 1.6 
2p-value (season x DAP) 0.0006 0.2589 0.0639 0.0016 0.0047  
overall mean autumn 78.2 75.94 75.76 80.84 88.36   
overall mean summer 76.3 78.55 75.27 78.07 86.87   
3p-value (season) 0.0354 0.0116 0.6088 0.0022   0.0006   
Hybrids harvested in autumn (17, 22, 27, 32, 37 and 42 DAP) and summer (14, 20, 23, 26, 29 and 35 DAP). 
Different letters within a column indicate significant difference according to Fisher LSD test (P < 0.05). Mean 
± SE n = 6. nd = no data. 1Hybrid effect significance at P = 0.05. 2Season x DAP interaction significance at P 
= 0.05. 3Season effect significance at P = 0.05. ns = not significant. 
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Figure 4.7. Zeaxanthin-biofortified sweet-corn hybrid ‘2-9-x11-7’ and commercial yellow 
sweet-corn hybrid ‘Hybrix 5’. 
Zeaxanthin-biofortified sweet-corn hybrid ‘2-9x111-7’ (left). Commercial yellow sweet-corn hybrid ‘Hybrix 5’ 
(right). Both hybrids were harvested at 23 DAP. 
Table 4.16. Pearson correlation between colour, moisture content and main 
carotenoids concentration in the zeaxanthin-biofortified sweet-corn hybrids  
Carotenoid concentration: μg g-1 (fresh weight basis). Moisture content (%). β-carot. = β-carotene. β-cryp.= 
β-cryptoxanthin. Sum = sum of zeaxanthin, β-carotene and β-cryptoxanthin. total c.= total carotenoid. 
Numbers in bold indicate significantly different from zero at P < 0.05. Zeaxanthin-biofortified sweet-corn 
hybrids: ‘14-6x10-3’, ‘23-6x2-9’, ‘23-7x1-1’, and ‘2-9x11-7’. All hybrids harvested in autumn (17, 22, 27, 32, 
27 and 42 DAP) and summer (14, 20, 23, 26, 29 and 35 DAP). 
                    L* C* hue moisture zeaxanthin β-carot. β-cryp. sum lutein total c. 
L*                   1                                                                                                                                 
C*                   0.02 1                                                                                                                           
hue                 0.45 -0.48 1                                                                                                                     
moisture            0.44 -0.56 0.79 1                                                                                                            
zeaxanthin          -0.24 0.52 -0.63 -0.62 1                                                                                           
β-carot.      -0.39 0.44 -0.63 -0.71 0.84 1                                                                      
β-cryp. 0.00 0.29 -0.28 -0.23 0.71 0.55 1                                                        
Sum -0.25 0.5 -0.61 -0.62 0.99 0.89 0.78 1                                           
lutein              -0.36 0.41 -0.54 -0.7 0.67 0.78 0.52 0.72 1                              
total c. -0.27 0.51 -0.63 -0.65 0.98 0.89 0.77 1 0.76 1 
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Table 4.17. Pearson correlation between colour, moisture content and main 
carotenoids concentration in the zeaxanthin-biofortified and the commercial yellow 
sweet-corn hybrids 
                    L* C* hue moisture zeaxanthin β-carot. β-cryp. sum lutein total c. 
L*                   1                                                                                                                                    
C*                  0.24 1                                                                                                                              
hue                 0.54 0.02 1                                                                                                                        
moisture            0.36 -0.48 0.61 1                                                                                                               
zeaxanthin          -0.42 0.02 -0.79 -0.5 1                                                                                              
β-carot.      -0.48 0.11 -0.7 -0.63 0.86 1                                                                         
β-cryp. -0.18 0.02 -0.48 -0.23 0.77 0.64 1                                                          
Sum -0.42 0.04 -0.76 -0.51 0.99 0.9 0.82 1                                           
lutein              0.07 0.59 0.2 -0.35 -0.09 0.15 0.04 -0.03 1                              
total c. -0.39 0.16 -0.72 -0.57 0.96 0.91 0.82 0.98 0.15 1 
Carotenoid concentration: μg g-1 (fresh weight basis). Moisture content (%). β-carot. = β-carotene. β-cryp.= 
β-cryptoxanthin. Sum = sum of zeaxanthin, β-carotene and β-cryptoxanthin. total c.= total carotenoid. 
Numbers in bold indicate significantly different from zero at P < 0.05. Zeaxanthin-biofortified sweet-corn 
hybrids: ‘14-6x10-3’, ‘23-6x2-9’, ‘23-7x1-1’, and ‘2-9x11-7’. Commercial yellow sweet-corn hybrid: ‘Hybrix 5’ 
All hybrids harvested in autumn (17, 22, 27, 32, 27 and 42 DAP) and summer (14, 20, 23, 26, 29 and 35 
DAP). 
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CHAPTER 5 Effect of kernel position on cob, and kernel endosperm and germ 
fractions on carotenoid content and quality parameters of zeaxanthin-biofortified 
and commercial yellow sweet-corn 
5.1. Abstract 
The influence of kernel position on carotenoid content and quality parameters in a 
zeaxanthin-biofortified and a commercial yellow sweet-corn was evaluated. Cobs were 
harvested at six different maturity stages, and carotenoid content, colour, moisture, and 
total soluble solids of kernels from the tip-end, middle and base of the cobs were analysed. 
Kernels from the tip-end had highest zeaxanthin and total carotenoid concentration, 
followed by kernels from the middle and then base. In contrast, total soluble solids, colour 
and moisture were not significantly (p > 0.05) affected by kernel position. Although kernel 
position within a cob significantly (p < 0.05) affected zeaxanthin and total carotenoid 
concentration, this effect was minor compared to the influence of genotype and kernel 
maturity. However, if a minimum zeaxanthin concentration is to be achieved for a product, 
the effect of kernel position should potentially be taken in to consideration as a contributing 
factor. Adittionaly, the contribution of the endosperm, germ and whole kernel to carotenoid 
and protein content at three different maturity stages was evaluated. Significant 
differences between carotenoid concentration in the germ and endosperm fractions were 
found for both zeaxanthin-biofortified and commercial yellow hybrids. In all cases, the 
germ had lower concentration of carotenoids compared to the endosperm, but had a 
higher percentage of zeaxanthin and β-branch carotenoids compared to the endosperm. 
Protein concentration was of similar concentration in the germ-fraction and whole kernels, 
although the total protein content in the zeaxanthin-biofortified hybrids was higher than the 
yellow sweet-corn, both in germ and endosperm fractions. From visual examination of the 
cut kernels, the high zeaxanthin hybrids were observed to have a greater area of vitreous 
endosperm relative to starchy endosperm than the yellow sweet-corn. These observations 
indicate that higher total carotenoid content in zeaxanthin-biofortified hybrids is at least 
partly associated with a greater proportion of vitreous endosperm relative to starchy 
endosperm. As vitreous endosperm is ‘vitreous’ (i.e. glasslike) due to the presence of the 
storage protein, zein, higher carotenoids were also associated with higher protein content 
in the zeaxanthin-biofortified hybrids.  
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5.2. Introduction 
Most studies evaluating sweet-corn quality have focused on sugar, starch and moisture 
content, with little or no attention to carotenoids (Tsai & Glover 1974; Olsen et al. 1990; 
Wong et al. 1994). In addition, evaluation in most of those studies has been conducted by 
taking a representative sample from the central part of the cobs without considering 
possible variation that may exist along the longitudinal axis of the cob.  
In Australia, it is common practice to package dehusked cobs or ‘cobettes’ in plastic-film 
overwrapped trays, in which the base and tip-end of the cobs have been mechanically 
excised, or specific sections of the cob have been used. However, it is unknown if such 
removal may impact on the carotenoid concentration or other nutritional aspects of the 
cob.  
Apart from positional aspects potentially impacting carotenoid content of kernels, a 
documented source of nutritional variation in grain cereals is also given by differences in 
carotenoid composition in the different kernel grain fractions, such as endosperm and 
germ (Ndolo & Beta 2013). Differences in carotenoid composition in kernel fractions have 
been recognize as important for its potential use in the industrial processing of corn, in 
which germ and endosperm are separated (Naves et al. 2011). However, information 
about kernel fraction composition has been better documented in cereals such as wheat 
rather than corn, whilst for sweet-corn it is very limited and totally non-existent for 
zeaxanthin-biofortified sweet-corn.  
Apart from carotenoids, the endosperm fraction contains starch and protein, forming a 
starch-protein matrix, which could be white and soft (starchy or floury endosperm) or 
yellow and hard (vitreous or horny endosperm), (Correa et al. 2002; Hoffman & Shaver 
2011). The yellow colour in the vitreous endosperm is due to carotenoids, which also have 
been reported to be in association with zein protein (Sessa et al. 2003; Momany et al. 
2006). Zein, which has a complex tertiary structure (Momany et al. 2006) is highly 
hydrophobic (Hoffman & Shaver 2011). As zein distend with kernel maturity, the cross-link 
of β- and γ- zein sub-groups is penetrated by α- and δ- zein sub-groups encapsulating 
starch and carotenoids (Mu-Forster & Wasserman 1998). Protein and starch content are 
unknown in the zeaxanthin-biofortified hybrids, due to potential carotenoid associations 
with them; their quantification in kernel fractions may be relevant for future studies of 
carotenoid digestibility.  
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Therefore, the objective of this chapter was twofold: firstly to evaluate the effect of kernel 
position on the cob on the concentration of carotenoids and other quality parameters, and 
secondly, to investigate differences in the distribution of carotenoids and protein in the 
endosperm and germ fractions, and to evaluate starch content in the whole kernels of 
zeaxanthin-biofortified sweet-corn hybrids. 
5.3. Materials and Methods  
5.3.1. Effect of kernel position on the cob on carotenoids and other quality factors 
Plant Material 
Cobs from the zeaxanthin-biofortified sweet-corn hybrid ‘14-6x10-3’ and the commercial 
yellow sweet-corn hybrid ‘Hybrix 5’, were planted in September 2014 and harvested in 
December 2014 (corresponding to the summer harvest, 2014). Cobs were hand-pollinated 
and harvested at 14, 17, 20, 23, 26 and 29 days after pollination (DAP). Six cobs per 
hybrid and maturity stage were used as replicates (one cob as an experimental unit). 
Growth and harvest conditions were as specified in section 3.1 of Chapter 3. The cobs 
were placed in lidded polystyrene boxes and transported by car at 23 ºC for 1 h to the 
laboratory at the Health & Food Sciences Precinct (Brisbane, Queensland - Australia) and 
stored overnight at 4 ºC. 
Within one day of harvest (after storage at 4 ºC) kernels from three different positions 
within the cob: tip-end, middle and base (Figure 5.1), were measured for colour. Cobs 
were then stored in loosely folded plastic bags (polyethylene bags 50-100 µm thickness, 3 
cobs per bag), placed in lidded polystyrene boxes, and then stored at -20 ºC for two 
months (while all samples from 14-29 DAP were harvested) prior to analysis of total 
soluble solids (% TSS), moisture content (%) and carotenoid profile μg g-1 (DW). A split-
plot design was used with a single factor (kernel position) arrangement. 
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Figure 5.1. Illustration of three kernel positions along the cobs 
 
Colour 
Colour, lightness (L*), Chroma (C*) and hue angle were measured one day after harvest 
(see above). After overnight storage at 4 ºC, cobs were transferred to a room at ambient 
conditions (23 ºC, 40 % RH) and allowed to equilibrate to this temperature (less than 2 h). 
Moisture from condensation was removed from the kernel surface using a tissue, and the 
colour subsequently measured. Colour was measured according to section 3.2 of Chapter 
3, at the three positions along the cob (tip-end, middle and base). 
Total soluble solids 
After storage for two months at -20 ºC, frozen whole kernels (~10 g) were randomly 
removed from the three positions along the cob (tip-end, middle and base). Total soluble 
solids were measured for kernels from each position, according to section 3.3 of Chapter 
3. 
Carotenoid profile 
After storage for two months at -20 ºC, frozen whole kernels (~10 g) were randomly 
removed from the three positions along the cob (tip-end, middle and base). The carotenoid 
profile (µg/g DW) of the kernels from each position was measured according to section 3.5 
of Chapter 3.   
Moisture content 
Moisture content (%) was measured according to section 3.4 of Chapter 3, in kernels from 
each cob position (tip-end, middle and base). 
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Statistical analysis 
Analysis of variance for a single factor arrangement was performed to compare carotenoid 
content, colour and total soluble solids in the three kernel positions along the cob (tip-end, 
middle and base) of each individual sweet-corn hybrid harvested at each different maturity 
stage. Fisher LSD was used as a mean comparison test with a significance level of 0.05. 
InfoStat software (version 2017p) was used for the statistical analysis. 
 
5.3.2. Effect of kernel fraction on carotenoid distribution and profile.  
Plant Material 
Cobs from the zeaxanthin-biofortified sweet-corn hybrids ‘14-6x10-3’, ‘23-6x2-9’, and ‘2-
9x11-7, and the commercial yellow sweet-corn hybrid ‘Hybrix 5’, were planted in 
September 2016 and harvested in December 2016 (corresponding to the summer harvest, 
2016). Cobs were harvested at 18, 21, 28 and 55 days after pollination (DAP). Nine cobs 
per hybrid and maturity stage were harvested and three cobs were used as a replicate (3 
replicates in total per treatment). Cultivation and harvest conditions were as specified in 
section 3.1 of Chapter 3.  
After harvest, cobs were placed in lidded polystyrene boxes and transported by car at 23 
ºC for 1 h to the laboratory at the Health & Food Sciences Precinct (Brisbane, Queensland 
- Australia). Dehusked cobs were stored in loosely folded plastic bags (polyethylene bags 
50-100 µm thickness, 3 cobs per bag), placed in lidded polystyrene boxes, and then stored 
at 4 ºC. Whole kernels were subsequently removed from the central part of the cobs (three 
true replicates from three cobs). The weight of 120 intact kernels per replicate was 
recorded and used to calculate individual whole kernel weights. The germs (embryo) were 
removed from half of the weighed kernels, using a scalpel. Weight of groups of 20 germ 
fractions was recorded and used to calculate individual weight per germ. Weight of the 
endosperm fraction was calculated by subtraction of the germ weight from the whole 
kernel weight. 
Weighed whole kernels and germ fractions were placed in plastic bags and stored at -20 
ºC over an approximate three month period. After storage at -20 ºC, carotenoid content, 
moisture content, and protein content were measured both for the whole kernels and the 
germ fractions, additionally, starch was measured only for whole kernels. The content in 
the endosperm fraction was calculated by subtraction based on germ fraction weight 
69 
proportions to whole kernels. A completely randomised design was used in this 
experiment. 
Carotenoid profile 
After storage for three months at -20 ºC, frozen whole kernels (~10 g) and frozen germ 
fractions (~3 g), were used to measure the carotenoid profile according to section 3.5 of 
Chapter 3. Carotenoid profile was calculated on dry weight basis (DW), as carotenoid 
concentration (μg g-1) in whole kernels, germ fraction and endosperm fraction; and also as 
relative carotenoid concentration taking into account the relative proportion of each fraction 
to whole kernels. Carotenoid profile was also calculated as relative proportion of each 
individual carotenoid in the endosperm and germ fractions. 
Moisture content 
Moisture content (%) was measured according to section 3.4 of Chapter 3, in the whole 
kernels and germ fractions. 
Protein content 
Analysis of the total crude protein content in the whole kernels and germ fractions was 
done according to the AOAC method 990.03 (AOAC, 1997), in which nitrogen freed by 
combustion at 950 ºC in pure oxygen (99.9 %) was measured by thermal conductivity and 
converted to equivalent protein by the equation: crude protein (% w/w) = % N x 6.25. 
Protein content was measured by an accredited National Association of Testing Authorities 
(NATA) laboratory, Symbio Alliance, Eight Mile Plains, Queensland.  
Protein content was calculated as percentage (DW) in whole kernels and the germ 
fraction. Endosperm fraction protein content was calculated by subtraction, taking into 
account the relative proportion of each fraction to whole kernels. Protein in whole kernels 
was also calculated on a dry and fresh weight basis. 
Starch content 
Starch content of kernels was measured using the Megazyme method with modifications 
as indicated below. Analyses were conducted by the Cereals Laboratory of the Centre for 
Nutrition and Food Sciences (Queensland Alliance for Agriculture and Food Innovation), 
The University of Queensland, St Lucia campus. 
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Whole kernels were randomly removed from the central part of the cob. The removed 
kernels were cryogenically milled for 30 s at 30 hz using liquid nitrogen and a ball-mill 
(Retsch MM400 ball-mill, Haan, Germany). One hundred mg ± 1 mg of milled sample was 
placed into a 15 mL centrifuge tube to which 200 µL of aqueous ethanol (80 % v/v) was 
added and vortexed to aid dispersion. Two 2 mL of dimethyl sulphoxide (DMSO) was 
added to each sample and revortexed. The tube was then placed in a boiling water bath 
for 5 min. Three mL of thermostable α-amylase solution (1 mL α-amylase diluted with 30 
mL 50 mM MOPS buffer pH 7.0) was then added to the tube and boiled for a further 12 
minutes with stirring. 4 mL of sodium acetate buffer (200 mM, pH 4.5) and 0.1 mL 
Amyloglucosidase was added and the solution incubated for a further 30 minutes at 50 °C. 
After incubation, the volume was adjusted to 100 mL. A centrifuge tube without sample 
was prepared as above and used as an analytical blank. A 1 mL aliquot from the 100 mL 
digest was taken and centrifuged at 4000 rpm for 10 minutes, and 0.1 mL of the 
supernatant transferred to a 15-mL centrifuge tube. 3 mL of glucose oxidase/peroxidase 
(GOPOD) reagent was added to the tube and incubated for 20 minutes at 50°C. A glucose 
control (0.1 mL D-glucose standard, 1 mg/mL) and a blank control (0.1 mL distilled water) 
were also prepared and incubated similarly. The absorbance of the sample and glucose 
control was recorded at 510 nm against the blank control, and total starch content was 
calculated (mg starch/mg kernel DW) using the following formula: 
Starch (mg/mg kernel) = A × F × (FV/0.1) × (1/1000) × (1/FW) × (162/180) = A × F × 0.9 / 
FW 
Where:  
A = Absorbance read against the blank control 
F = Conversion from absorbance to μg  
= 100 (µg D-Glucose) / absorbance for µg D-Glucose 
FV = Final volume of the sample = 100 mL  
FW = Initial dry sample weight = sample weight × (1 ̵ % moisture content)  
0.1 = Volume size of diluted sample being analysed 162/180 = Conversion from free D-
glucose to anhydrous-D-glucose (as in starch). 
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Kernel images and section microscopy scanning 
Kernels from the hybrids ‘23-6x2-9 and ‘Hybrix 5’ harvested at 18 DAP were cut 
longitudinally in half without passing through the centre of the germ, using a scalpel, and 
then frozen with liquid nitrogen. Frozen halves were freeze-dried and then images taken 
using a camera attached to a computer (Dino-Lite Digital Microscope, model AM4815ZT, 
Software Dinocapture 2.0, California, USA). 
In addition, frozen kernels from the hybrids ‘23-6x2-9’ and ‘Hybrix 5’ harvested at 28 DAP 
were processed for images at the Microscopy core facility from the Translational Research 
Institute Australia (TRI), in which kernels were sectioned and scanning as follow: Frozen 
kernels were embedded with Tissue-Tek® O.C.T. Compound, Sakura® Finetek, and 
sectioned (50 µm) at -10 ºC. Kernel sections were scanned at 20x magnification and 
imaged in brightfield (BF) using a Nikon Brightfield, Olympus VS120 Brightfield slide 
scanner.  
Statistical analysis 
Analysis of variance was carried out to compare the carotenoid and protein content in the 
whole kernel and germ fraction at 21, 28 and 55 DAP within each hybrid, and to compare 
starch and protein contents between hybrids and maturity stages. Fisher LSD was used as 
a comparison test with a significance level of 0.05. InfoStat software (version 2017p) was 
used for the statistical analysis. 
5.4. Results and discussion 
5.4.1. Effect of kernel position on the cob 
Moisture content 
Moisture content in kernels from the tip-end, middle and base of the cob, of the 
zeaxanthin-biofortified hybrid ‘14-6x10-3’ and the commercial yellow hybrid ‘Hybrix 5’, both 
harvested at increasing stages of kernel maturity is shown in Table 5.1. No significant 
differences (p ˃ 0.05) in kernel moisture content were observed between kernels 
harvested from different positions on the cob at same maturity stage, with both hybrids 
behaving similarly (Table 5.1). This uniformly distributed moisture through the kernels 
along the cob may be due to the cob structured as a conduit for water into the kernels, if 
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water is not limiting to growth, at the same maturity stage kernels should have the same 
moisture content. 
Significant differences in moisture content were observed at different stages of kernel 
maturity (DAP), in which moisture declined with increasing maturity (Table 5.2). The effect 
of maturity was also similar to that previously observed in Chapter 4, and reflects the 
natural drying down of the kernel in preparation for full seed maturity. The equal 
distribution of moisture along the cob, as indicated by kernel moisture content, was 
maintained at all levels of maturity assessed in the current trial. 
In the earlier maturity stages (14 - 20 DAP), ‘Hybrix-5’ had significantly greater moisture 
content than ‘14-6x10-3’, but this difference narrowed and became insignificant as maturity 
increased (Table 5.2). As mentioned in Chapter 4 (section 4.3.1), a moisture content of 
approximately 72 % to 76 % is likely to be in the range for optimum quality, in which 
kernels are still bright and turgid, important characteristics for fresh consumption (Brecht et 
al. 1990). This range in moisture content has been previously reported by Szymanek 
(2009), who observed that the moisture content in shrunken 2 sweet-corn at optimum 
eating stage is within the range 72-79 %, and by Olsen et al. (1990) who indicated an 
optimum eating moisture of approximately 72 % for shrunken 2 sweet-corn. Similar to the 
results obtained in Chapter 4 (for a summer season), an optimum moisture content for 
fresh consumption was attained by cobs harvested at 20 and 23 DAP (74-77 %). Cobs 
harvested at 26 DAP were borderline of falling within this range (71.8-72.6 %), while 
kernels harvested after 26 DAP had lower moisture and usually started to show the first 
signs of shrivelling and were in a sub-optimal, chewier texture.
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Table 5.1. Moisture content in kernels removed from the tip-end, middle and base, of the cob of the zeaxanthin-biofortified 
sweet-corn hybrid ‘14-6x10-3’ and the commercial yellow sweet-corn hybrid ‘Hybrix 5’, harvested at increasing stages of kernel 
maturity 
Hybrid  Kernel position 
Kernel maturity (DAP) 
14 17 20 23 26 29 
‘14-6x10-3’ tip-end 81.02 ± 0.74 78.16 ± 0.86 74.56 ± 1.11 74.43 ± 0.44 71.84 ± 0.83 68.05 ± 0.50 
 middle 80.48 ± 1.02 78.34 ± 0.44 74.53 ± 0.34 74.2 ± 0.64 71.71 ± 0.49 69.80 ± 0.39 
 basal 80.5 ± 0.66 77.37± 0.51 73.94 ± 0.53 75.1 ± 1.13 71.89 ± 0.99 68.59 ± 1.48 
 1p-value 0.8715 0.5288 0.8028 0.7103 0.9869 0.4314 
         
‘Hybrix 5' tip-end 83.66 ± 0.53 82.77 ± 0.90 76.96 ± 0.95 73.48 ± 0.97 72.78 ± 0.62 69.77 ± 0.7 
  middle 83.09 ± 0.49 81.05 ± 0.61 75.77 ± 0.51 75.03 ± 0.49 72.39 ± 0.17 69.94 ± 0.86 
  basal 84.3 ± 0.47 81.64 ± 1.03 77.37 ± 0.92 75.53 ± 0.72 72.60 ± 0.38 70.41 ± 0.79 
  1p-value 0.2579 0.3835 0.3822 0.1653 0.8130 0.8375 
Moisture content (%). Mean ± SE, n = 6. 1Kernel positional effect significance at p-value = 0.05.
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Table 5.2. Mean of moisture content from kernels removed from the tip-end, middle 
and base of the cob in a zeaxanthin biofortified sweet-corn hybrid ‘14-6x10-3’ and a 
commercial yellow sweet-corn hybrid ‘Hybrix 5’, harvested at increasing stages of 
kernel maturity. 
Kernel maturity (DAP) Moisture (%) (mean of three positions) 
‘14-6x10-3' ‘Hybrix 5' 
14 80.67 + 0.47 f 83.68 + 0.29 h 
17 77.96 + 0.36 e 81.82 + 0.50 g 
20 74.34 + 0.40 c 76.70 + 0.47 d 
23 74.58 + 0.44 c 74.68 + 0.46 c 
26 71.81 + 0.43 b 72.59 + 0.24 b 
29 68.81 + 0.53 a 70.04 + 0.43 a 
Different letters indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE, n = 18. 
Carotenoid content, colour and TSS 
Genotype and kernel maturity effect showed significant differences on carotenoid content, 
these were consistent to the results from chapter 4, however as the main objective for this 
chapter was to explore the influence of kernel positon on carotenoid content, both hybrids 
were analysed separately to each other for effects of kernel position on the cob. 
Kernel position was observed to have a significant effect (p < 0.05) for the zeaxanthin-
biofortified hybrid ‘14-6x10-3’ in zeaxanthin at 29 DAP, in β-cryptoxanthin at 20 DAP and 
23 DAP, and in total carotenoid content at 20 DAP and 29 DAP. Kernels located at the tip-
end had the highest concentration followed by kernels from the middle and kernels from 
the base (Table 5.3) a general similar trend was also observed for other carotenoids, but 
they were not significant. In the commercial yellow hybrid ‘Hybrix 5’, kernel position did not 
have a significant effect (p ˃ 0.05) for any of the individual carotenoids or DAP evaluated 
(Table 5.4).  
As sweetcorn is eaten at a particular moisture content, differences in carotenoid content at 
different positions of the cob would only be commercially important at optimum eating 
stage. At optimum eating stage (21 to 23 DAP) significant differences were observed in 
zeaxanthin, β-cryptoxanthin and total carotenoid content of the zeaxanthin biofortified 
hybrid, both on a dry and fresh weight basis (Table 5.5). In all cases, the significant 
positional differences were due to the higher concentration in kernels located at the tip-end 
of the cob, followed by kernels at the middle and finally kernels at the base. Importantly, 
this higher content in kernels from the tip-end of the hybrid ‘14-6x10-3’ represented 20 % 
(DW) and 23 % (FW) more zeaxanthin, and 19 % (DW) and 20 % (FW) more total 
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carotenoid, compared to kernels from the base. This is a large difference, which is of 
potential importance if a certain minimum zeaxanthin concentration is trying to be achieved 
in a commercial product. Consequently, although it is of importance to measure 
carotenoids on a dry weight basis to understand physiological accumulation of 
carotenoids, measurement on a fresh weight basis is more instructive as to how much 
carotenoid is being consumed from a dietary perspective. For example, recommended 
daily intakes of β-carotene are provided on a fresh weight basis (mg per 100 g ).  
In the commercial yellow sweet-corn evaluated at optimum eating stage, only β-carotene 
(DW) was influenced by kernel position, in which kernels from the tip-end had significantly 
higher content (P < 0.05). However, on a FW basis, kernel position also significantly (P < 
0.05) affected lutein, β-cryptoxanthin, β-carotene and total carotenoid concentration in 
which again kernels from the tip-end position had a higher concentration in the ‘Hybrix 5’ 
hybrid at optimum eating stage (Table 5.6). In general, at optimum eating stage a trend 
was observed for kernels from the tip-end of the cob to have higher β-branch carotenoids 
in both hybrids at either DW or FW, and also in the lutein content of ‘Hybrix 5’ (Tables 5.4 
and 5.5).  
Overall, combining the two hybrids and maturities together, kernel position significantly 
affected zeaxanthin, β-cryptoxanthin and total carotenoid concentration (Figure 5.2). 
Although the other two largest carotenoids, β-carotene and lutein were not significantly 
affected, they followed a similar trend, with kernels from the tip-end having higher 
concentration than kernels from the middle and base (Figure 5.2).  Kernels from the tip-
end of the cob had about 12 % (DW) and 15 % (FW) higher zeaxanthin concentration, and 
about 21 % (DW) and 22 % (FW) higher β-cryptoxanthin compared to kernels from the 
base. Whilst for total carotenoids kernels from the tip-end had about 10 % (DW) and 12.5 
% (FW) higher concentration compared to kernels from the base. 
A similar trend was also reported by Grogan and Blessin (1973) in maize (Zea mays L.), in 
which kernels from the tip-end had a higher concentration of xanthophylls and total 
carotenoids, followed by kernels from the middle and finally from the base, although these 
differences were not statistically different (P ˃ 0.05). Grogan and Blessin (1973), 
suggested that carotenoid synthesis may have been influenced by environmental 
conditions. A possible explanation for higher carotenoid accumulation in the current trial is 
that the tip-end of the cob may be less insulated by the cob leaves; more exposed to 
sunlight and therefore experience higher temperatures during kernel development. Data 
from Chapter 4 of the present work showed that cobs which developed at higher field 
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temperatures had higher carotenoid concentrations. However, further studies would be 
needed to confirm the possibility that positional temperature is the primary cause of higher 
carotenoid concentration in kernels located at the tip-end of a cob.  
From the current trial, it is evident that the effect of kernel position on zeaxanthin and total 
carotenoid concentration was not as high as that induced by either genotype or kernel 
maturity (Tables 5.1 and 5.2). Refer to discussion on genotype and kernel maturity effect 
given in chapter 4. However it may be large enough to be considered when a specific 
minimum threshold of zeaxanthin is required (e.g. nutritional content claims).
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Table 5.3. Carotenoid profile in kernels removed from the tip-end, middle and base, of the cob of the zeaxanthin-biofortified 
sweet-corn hybrid ‘14-6x10-3’ harvested at increasing stages of kernel maturity (DAP) 
 DAP  Position lutein zeinoxanthin antheraxanthin zeaxanthin β-cryptoxanthin  β-carotene total carotenoid 
14 tip-end 4.73 ± 0.64 1.88 ± 0.18 1.59 ± 0.18 22.82 ± 2.31 4.58 ± 0.54 5.59 ± 0.80 40.40 ± 4.28 
 middle 4.55 ± 0.66 1.87 ± 0.16 1.82 ± 0.10 22.01 ± 1.67 4.85 ± 0.45 5.15 ± 0.77 38.79 ± 2.60 
 base 4.51 ± 1.11 1.95 ± 0.38 1.75 ± 0.15 21.05 ± 4.08 4.71 ± 1.46 4.50 ± 0.90 37.56 ± 8.36 
 
1p-value 0.9801 0.9767 0.7381 0.9124 0.9819 0.646 0.9374 
          
17 tip-end 6.07 ± 0.24 2.10 ± 0.17 3.67 ± 0.87 54.92 ± 8.95 4.29 ± 0.87 6.05 ± 1.71 77.11 ± 12.21 
 middle 6.22 ± 0.37 1.94 ± 0.12 3.75 ± 0.76 53.79 ± 8.53 4.15 ± 0.61 5.44 ± 1.53 75.29 ± 11.59 
 base 5.4 ± 0.28 2.08 ± 0.33 3.93 ± 0.58 44.35 ± 7.27 3.15 ± 0.52 4.42 ± 1.15 63.34 ± 9.79 
 
1p-value 0.1518 0.8582 0.9687 0.6217 0.4581 0.7411 0.6505 
          
20 tip-end 5.62 ± 0.33 3.55 ± 0.27 5.70 ± 0.61 127.62 ± 6.57 19.35 ± 1.34 21.35 ± 1.24 183.20 ± 9.05 
 middle 6.22 ± 0.35 3.17 ± 0.13 5.31 ± 0.52 120.96 ± 3.32 15.46 ± 0.63 19.80 ± 0.75 170.91 ± 3.60 
 base 5.72 ± 0.38 3.15 ± 0.08 5.89 ± 1.04 110.96 ± 4.73 13.28 ± 0.71 17.85 ± 0.86 156.84 ± 6.27 
 
1p-value 0.4658 0.2461 0.8561 0.1039 0.0023 0.0737 0.0498 
          
23 tip-end 7.86 ± 0.34 3.89 ± 0.50 9.71 ± 1.14 126.87 ± 12.67 15.37 ± 1.00 28.89 ± 2.28 192.58 ± 17.51 
 middle 7.77 ± 0.49 3.67 ± 0.12 8.72 ± 1.56 102.58 ± 10.93 11.30 ± 0.77 24.79 ± 0.57 158.84 ± 12.28 
 base 7.70 ± 0.64 3.22 ± 0.36 8.86 ± 1.67 100.08 ± 17.79 11.26 ± 1.33 27.08 ± 2.56 158.21 ± 23.00 
 
1p-value 0.9747 0.4376 0.8793 0.3638 0.0267 0.3805 0.3417 
          
26 tip-end 7.48 ± 0.26 6.32 ± 2.56 8.22 ± 1.01 141.02 ± 7.28 15.58 ± 2.41 26.51 ± 2.06 205.12 ± 10.21 
 middle 7.30 ± 0.59 5.98 ± 2.22 8.20 ± 0.93 136.58 ± 10.15 15.02 ± 2.37 27.20 ± 3.53 200.28 ± 14.89 
 base 6.12 ± 0.32 6.19 ± 2.28 7.33 ± 0.83 136.10 ± 6.55 17.24 ± 2.98 24.57 ± 2.61 197.55 ± 10.37 
 
1p-value 0.0785 0.9945 0.7446 0.896 0.8244 0.7927 0.904 
         
29 tip-end 7.08 ± 0.78 3.53 ± 0.17 5.73 ± 0.49 126.19 ± 2.19 13.63 ± 1.09 24.43 ± 2.42 180.59 ± 3.06 
 middle 5.78 ± 0.38 3.21 ± 0.24 6.30 ± 0.83 116.50 ± 5.36 14.64 ± 0.97 20.88 ± 0.63 167.32 ± 6.91 
 base 8.22 ± 1.53 4.07 ± 0.87 5.09 ± 0.56 110.13 ± 2.56 12.93 ± 0.92 19.11 ± 3.61 159.54 ± 1.64 
 
1p-value 0.2882 0.5346 0.4419 0.0363 0.5032 0.3603 0.0254 
Carotenoids μg g-1 (dry weight basis). Mean ± SE, n = 6. 1Kernel positional effect for each DAP significance at p-value = 0.05. Numbers in bold indicate significant 
difference 
78 
Table 5.4. Carotenoid profile in kernels removed from the tip-end, middle and base, of the cob of the commercial yellow hybrid 
‘Hybrix 5’ harvested at increasing stages of kernel maturity (DAP) 
DAP  Position lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
14 tip-end 37.40 ± 1.36 8.45 ± 0.65 1.83 ± 0.08 3.11 ± 0.44 16.72 ± 1.09 4.62 ± 0.47 3.60 ± 0.20 75.74 ± 2.76 
 middle 33.27 ± 1.71 8.46 ± 0.74 2.07 ± 0.14 2.93 ± 0.40 15.52 ± 1.79 5.26 ± 0.54 3.64 ± 0.22 70.66 ± 4.77 
  base 34.40 ± 1.59 9.48 ± 1.01 2.04 ± 0.13 3.24 ± 0.64 14.95 ± 1.30 4.86 ± 0.33 3.79 ± 0.22 72.22 ± 3.34 
  1p-value 0.1881 0.6016 0.3229 0.9115 0.6763 0.6161 0.7955 0.6226 
            
17 tip-end 34.93 ± 1.88 8.34 ± 0.98 2.07 ± 0.17 2.54 ± 0.27 15.69 ± 2.35 5.45 ± 0.61 4.12 ± 0.32 72.38 ± 5.60 
 middle 31.86 ± 2.08 9.08 ± 1.28 2.53 ± 0.21 3.35 ± 0.69 15.27 ± 2.65 5.71 ± 0.91 3.94 ± 0.28 70.34 ± 6.72 
  base 30.89 ± 1.57 8.08 ± 1.01 2.05 ± 0.22 2.47 ± 0.25 14.06 ± 2.27 5.47 ± 0.80 3.68 ± 0.13 66.71 ± 5.64 
  1p-value 0.3044 0.8024 0.2559 0.3204 0.8861 0.9665 0.5009 0.7985 
            
20 tip-end 37.92 ± 2.64 8.51 ± 1.27 1.58 ± 0.16 1.82 ± 0.42 19.34 ± 1.62 7.48 ± 0.84 6.17 ± 0.89 82.22 ± 7.45 
  middle 36.33 ± 3.51 6.30 ± 0.59 1.33 ± 0.07 2.71 ± 0.96 18.95 ± 2.05 6.66 ± 0.67 5.68 ± 0.72 77.52 ± 7.85 
  base 30.61 ± 3.96 6.51 ± 0.79 1.43 ± 0.07 2.17 ± 0.34 14.52 ± 2.35 5.63 ± 0.9 4.37 ± 0.59 64.64 ± 8.91 
  1p-value 0.3103 0.211 0.3139 0.6532 0.2086 0.2967 0.2409 0.3108 
            
23 tip-end 32.10 ± 4.04 6.13 ± 1.27 1.65 ± 0.30 1.84 ± 0.44 17.42 ± 4.84 5.95 ± 1.35 5.89 ± 0.84 70.98 ± 12.23 
  middle 30.32 ± 3.49 4.67 ± 0.97 1.54 ± 0.19 1.91 ± 0.41 15.43 ± 4.48 5.26 ± 1.19 5.12 ± 0.75 63.63 ± 10.79 
  base 27.13 ± 3.44 5.36 ± 0.97 1.46 ± 0.16 2.27 ± 0.35 11.67 ± 3.69 4.51 ± 0.88 4.37 ± 0.58 56.76 ± 9.34 
  1p-value 0.6325 0.6438 0.8335 0.7160 0.6476 0.6849 0.3617 0.6586 
            
26 tip-end 20.95 ± 1.16 5.19 ± 0.98 1.83 ± 0.21 4.46 ± 1.33 7.48 ± 0.38 4.01 ± 0.30 5.02 ± 0.40 48.94 ± 2.67 
  middle 21.59 ± 1.37 4.45 ± 0.83 1.67 ± 0.22 3.39 ± 1.02 8.03 ± 0.48 3.54 ± 0.39 4.77 ± 0.39 47.45 ± 3.16 
  base 17.89 ± 1.85 5.07 ± 0.93 1.94 ± 0.26 3.74 ± 1.00 6.32 ± 0.77 3.57 ± 0.53 4.16 ± 0.50 41.73 ± 5.11 
  1p-value 0.2050 0.8335 0.7103 0.7917 0.1298 0.6776 0.3718 0.3895 
            
29 tip-end 24.05 ± 1.31 5.85 ± 0.40 1.73 ± 0.08 4.24 ± 0.41 10.81 ± 1.42 5.30 ± 0.55 4.95 ± 0.18 56.93 ± 3.24 
 middle 23.91 ± 1.41 5.73 ± 0.65 1.63 ± 0.10 3.76 ± 0.81 9.88 ± 0.89 4.84 ± 0.42 4.74 ± 0.49 54.49 ± 3.14 
  base 20.64 ± 2.61 4.33 ± 0.78 1.30 ± 0.10 2.98 ± 0.74 7.83 ± 1.15 3.51 ± 0.62 3.95 ± 0.91 44.55 ± 6.53 
  1p-value 0.3695 0.2007 0.0188 0.4333 0.2187 0.0804 0.4900 0.1634 
Carotenoids μg g-1 (dry weight basis). Mean ± SE, n = 6. 1Kernel positional effect for each DAP significance at p-value = 0.05. Numbers in bold indicate significant 
difference 
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Table 5.5. Carotenoid profile in kernels removed from the tip-end, middle, and base of the cob of the zeaxanthin-biofortified 
sweet-corn hybrid ‘14-6x10-3’ harvested at optimum maturity stage for consumption 
basis position lutein zeinoxanthin antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
DW tip-end 6.7 ± 0.4 a 3.7 ± 0.3 a 7.7 ± 0.9 a 127.2 ± 6.7 b 17.4 ± 1.0 b 25.1 ± 1.8 a 187.9 ± 9.4 b 
  middle 7.0 ± 0.4 a 3.4 ± 0.1 a 7.0 ± 1.0 a 111.8 ± 6.2 ab 13.4 ± 0.8 a 22.3 ± 0.9 a 164.9 ± 6.4 ab 
  base 6.7 ± 0.5 a 3.2 ± 0.2 a 7.4 ± 1.1 a 105.5 ± 8.9 a 12.3 ± 0.8 a 22.5 ± 2.0 a 157.5 ± 11.2 a 
         
FW tip-end 1.7 ± 0.1 a 1.0 ± 0.1 b 2.0 ± 0.2 a 32.3 ± 1.6 b 4.4 ± 0.2 b 6.4 ± 0.5 a 47.8 ± 2.3 b 
  middle 1.8 ± 0.1 a 0.9 ± 0.0 ab 1.8 ± 0.2 a 28.8 ± 1.8 ab 3.4 ± 0.2 a 5.7 ± 0.3 a 42.4 ± 2.0 ab 
  base 1.7 ± 0.1 a 0.8 ± 0.0 a 1.8 ± 0.2 a 26.4 ± 1.9 a 3.1 ± 0.2 a 5.6 ± 0.4 a 39.5 ± 2.2 a 
Carotenoid concentration μg g-1. DW: dry weight basis. FW: fresh weight basis. Optimum maturity stage for consumption (20-23 DAP). Mean ± SE. n = 6. Different 
letters within columns for the same basis indicate significant difference according to Fisher LSD test (P < 0.05). 
Table 5.6. Carotenoid profile in kernels removed from the tip-end, middle, and base of the cob of the commercial yellow sweet-
corn hybrid ‘Hybrix 5’ harvested at optimum maturity stage for consumption 
basis position lutein zeinoxanthin α-carotene antheraxanthin zeaxanthin β-cryptoxanthin β-carotene total carotenoid 
DW tip-end 35.0 ± 2.5 a 7.3 ± 0.9 a 1.6 ± 0.2 a 1.8 ± 0.3 a 18.4 ± 2.4 a 6.7 ± 0.8 a 6.0 ± 0.6 b 76.6 ± 7.0 a 
  middle 33.3 ± 2.5 a 5.5 ± 0.6 a 1.4 ± 0.1 a 2.4 ± 0.6 a 17.2 ± 2.4 a 6.0 ± 0.7 a 5.4 ± 0.5 ab 70.6 ± 6.7 a 
  base 28.9 ± 2.6 a 5.9 ± 0.6 a 1.4 ± 0.1 a 2.2 ± 0.2 a 13.1 ± 2.1 a 5.1 ± 0.6 a 4.4 ± 0.4 a  60.7 ± 6.3 a 
          
FW tip-end 8.5 ± 0.5 b 1.7 ± 0.2 a 0.4 ± 0.0 a 0.4 ± 0.0 a 4.4 ± 0.6 a 1.6 ± 0.2 b 1.5 ± 0.1 b 18.5 ± 1.4 b 
  middle 8.2 ± 0.6 ab 1.3 ± 0.1 a 0.4 ± 0.0 a 0.6 ± 0.1 a 4.2 ± 0.6 a 1.4 ± 0.2 ab 1.3 ± 0.1 b 17.2 ± 1.6 ab 
  base 6.7 ± .5 a 1.4 ± 0.2 a 0.3 ± 0.0 a 0.5 ± 0.1 a 3.0 ± 0.5 a 1.2 ± 0.1 a 1.0 ± 0.1 a 14.1 ± 1.3 b 
Carotenoid concentration μg g-1. DW: dry weight basis. FW: fresh weight basis. Optimum maturity stage for consumption (20-23 DAP). Mean ± SE. n = 6. Different 
letters within columns for the same basis indicate significant difference according to Fisher LSD test (P < 0.05). 
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Figure 5.2. Kernel positional effect on zeaxanthin, β-cryptoxanthin, β-carotene, lutein, and 
total carotenoid content. 
DW: dry weight basis. FW: fresh weight basis. Data shows the mean of the six stages of kernel maturity and 
the two hybrids (‘14-6x10-3’ and ‘Hyrbix 5’). Different letters within same carotenoid and basis indicate 
significant difference according to Fisher LSD test (P < 0.05), n = 72. 
In contrast to carotenoid concentration, kernel position did not significantly (p ˃ 0.05) 
influence colour, objectively measured as lightness, chroma and hue angle (Table 5.7). 
Similar to carotenoid content, and as discussed in chapter 4, genotype and kernel maturity 
are the primary factors affecting kernel colour. Moisture content was significantly affected 
with increases in kernel maturity and these changes in moisture significantly correlated 
with changes in the colour variables L*, C* and hue angle. As moisture content was not 
affected by kernel position in the present trial, this may be the main reason for kernels 
from different positions having the same colour. Chapter 4 also showed a significant 
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positive correlation between chroma and zeaxanthin concentration (0.52). However, in this 
trial despite the observed increases in zeaxanthin and total carotenoid concentration from 
basal to tip-located kernels, these differences were not reflected in changes to C*. It is 
possible that this may have been due to zeaxanthin and total carotenoid accumulation 
occurring sufficiently deep within the kernel as to not affect surface colour, also the 
possibility exists that the increases in zeaxanthin and total carotenoid due to kernel 
position were not high enough to be reflected in colour.  
Like moisture content and colour, TSS was not significantly affected (p ˃ 0.05) by kernel 
position (Table 5.8). TSS content was only influenced by the hybrid and maturity stage 
(Table 5.9). It is possible that the presence of differences in carotenoid content, but no 
difference in moisture content and TSS, may reflect that water and sugars are transported 
to the kernels from the plant, whereas the cob may distribute them equally to its kernels. 
Carotenoids however may behave differently to water and sugars, in that they are 
synthesized do novo within each kernel (Ford 2000), and they are not transported in via 
the cob. The kernels themselves may experience different environments (e.g. 
temperature), directly affecting carotenoid synthesis and accumulation. 
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Table 5.7. Colour variables: L*, C* hue, in kernels removed from the tip-end, middle 
and base, of the cob of the zeaxanthin-biofortified sweet-corn hybrid ‘14-6x10-3’ and 
the commercial yellow sweet-corn hybrid ‘Hybrix 5’ harvested at increasing stages 
of kernel maturity 
DAP position 
‘14-6x10-3’ ‘Hybrix 5’ 
L* C* hue L* C* hue 
14 1 72.6 ± 0.8 43.2 ± 2.3 85.1 ± 0.7 72.4 ± 0.4 47.3 ± 0.7 89.7 ± 0.5 
  2 72.3 ± 0.4 46.2 ± 0.5 85.6 ± 1.1 72.8 ± 0.4 47.0 ± 0.4 88.6 ± 0.7 
  3 73.0 ± 0.2 45.9 ± 0.8 84.8 ± 0.6 72.8 ± 0.9 47.7 ± 1.0 89.2 ± 0.2 
  1p-value 0.7405 0.4104 0.8117 0.8836 0.8335 0.3782 
          
17 1 71.4 ± 0.4 49.4 ± 1.3 82.5 ± 0.4 73.6 ± 0.3 52.6 ± 0.9 88.9 ±0.2 
  2 71.4 ± 1.0 47.9 ± 1.2 82.0 ± 0.5 73.5 ± 0.5 53.5 ± 1.0 88.8 ± 0.2 
  3 71.3 ± 0.7 47.8 ± 1.2 81.0 ± 0.7 73.6 ± 0.6 51.8 ± 0.4 87.9 ± 0.5 
  1p-value 0.986 0.6409 0.1952 0.9867 0.397 0.17 
          
20 1 71.1 ± 0.8 50.0 ± 0.4 77.7 ± 0.2  74.2 ± 0.4 54.5 ± 0.2 87.0 ± 0.4 
  2 73.7 ± 0.3 51.2 ± 0.5 80.1 ± 0.9 73.9 ± 0.7 53.9 ± 1.0 86.9 ± 0.9 
  3 72.8 ± 0.3 49.0 ± 0.2 78.3 ± 0.3 73.8 ± 1.0 54.1 ± 1.4 86.9 ± 0.7 
  1p-value 0.1849 0.1948 0.2371 0.9441 0.9107 0.9901 
          
23 1 72.5 ± 0.5 47.9 ± 0.5 75.1 ± 0.5 75.1 ± 0.3 56.3 ± 0.8 86.1 ± 0.3 
  2 72.4 ± 0.2 48.8 ± 0.7 76.0 ± 0.9 75.0 ± 0.3 56.6 ± 0.2 86.2 ± 0.3 
  3 71.9 ± 0.8 48.0 ± 0.4 72.9 ± 0.6 74.2 ± 0.6 56.2 ± 0.8 86.5 ± 1.0 
  1p-value 0.7264 0.5174 0.0731 0.2783 0.9237 0.8291 
          
26 1 72.8 ± 0.1 62.8 ± 1.4 73.3 ± 0.4 73.4 ± 0.1 57.3 ± 0.4 85.4 ± 0.7 
  2 71.2 ± 0.8 46.2 ± 0.2 71.8 ± 0.5 74.0 ± 0.4 57.2 ± 0.5 84.9 ± 0.8 
  3 73.0 ± 0.1 47.8 ± 0.4 73.5 ± 0.6 74.6 ± 0.8 56.3±1.2 84.1 ± 0.8 
  1p-value 0.1269 0.2893 0.1677 0.3812 0.6644 0.5178 
          
29 1 71.6 ± 0.9 50.2 ± 0.7 71.1 ± 0.1 75.1 ± 0.3 58.1 ± 1.5 84.3 ± 0.9 
  2 69.5 ± 1.8 48.9 ±1.5 71.2 ± 0.4 75.0 ± 0.1 60.6 ± 0.5 84.8 ± 0.1 
  3 70.1 ± 0.5 47.6 ± 0.6 72.3 ± 0.4 75.2 ± 0.9 61.2 ± 0.1 84.7 ± 1.2 
  1p-value 0.6388 0.5494 0.2301 0.95 0.249 0.9022 
Mean ± SE, n = 6. 1 Kernel positional effect for each DAP significance at p-value = 0.05. 
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Table 5.8. Total soluble solids content in kernels removed from the tip-end, middle 
and base, of the cob of the zeaxanthin-biofortified sweet-corn hybrid ‘14-6x10-3’ and 
the commercial yellow sweet-corn hybrid ‘Hybrix 5’ harvested at increasing stages 
of kernel maturity 
DAP  position 
Hybrid 
‘14-6x10-3’ ‘Hybrix 5’ 
14 1 14.1 ± 0.2 13.5 ± 0.2 
  2 13.9 ± 0.3 13.6 ± 0.1 
  3 14.2 ± 0.2 13.6 ± 0.1 
  
1p-value 0.7973 0.7381 
      
17 1 14.9 ± 0.3 12.9 ± 0.4 
  2 14.5 ± 0.2 12.7 ± 0.3 
  3 15.0 ± 0.4 13.0 ± 0.4 
  1p-value 0.5275 0.7907 
      
20 1 13.8 ± 0.2 13.4 ± 0.2 
  2 13.2 ± 0.5 12.8 ± 0.1 
  3 13.8 ± 0.5 13.2 ± 0.2 
  1p-value 0.5082 0.1272 
      
23 1 11.2 ± 0.1 13.5 ± 0.2 
  2 11.4 ± 0.2 13.4 ± 0.1 
  3 11.2 ± 0.2 13.4 ± 0.1 
  1p-value 0.7347 0.7525 
      
26 1 11.5 ± 0.1 12.9 ± 0.2 
  2 11.4 ± 0.1 12.3 ± 0.2 
  3 11.5 ± 0.1 12.3 ± 0.1 
  1p-value 0.5976 0.0771 
      
29 1 11.5 ± 0.1 11.1 ± 0.3 
  2 11.6 ± 0.2 10.8 ± 0.3 
  3 11.2 ± 0.3 10.9 ± 0.1 
  1p-value 0.4959 0.5791 
Mean ± SE, n = 6. 1 Kernel positional effect for each DAP significance at p-value = 0.05. 
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Table 5.9. TSS content in the zeaxanthin biofortified sweet-corn hybrid ‘14-6x10-3’ 
and the commercial yellow sweet-corn hybrid ‘Hybrix 5’, harvested at increasing 
stages of kernel maturity 
DAP 
TSS (%) (mean of three positions) 
‘Hybrix 5’ ‘14-6x10-3’ 
14 13.6 + 0.9 de 14.1 + 0.9 e 
17 12.9 + 0.8 bc 14.8 + 0.8 f 
20 13.1 + 0.5 cd 13.6 + 0.9 de 
23 13.4 + 1.0 cd 11.3 + 0.4 a 
26 12.5 + 0.5 b 11.5 + 1.2 a 
29 11.0 + 0.7 a 11.4 + 0.4 a 
TSS: total soluble solids. Different letters indicate significant difference according to Fisher LSD test (P < 
0.05). Mean ± SE, n = 18. 
5.4.2. Effect of Kernel fraction 
The carotenoid profiles of the whole kernel, germ fraction and endosperm fraction of the 
zeaxanthin-biofortified hybrids ‘14-6x10-3’, ‘23-6x2-9’, ‘2-9x11-7’, and the commercial 
yellow sweet-corn hybrid ‘Hybrix 5’, harvested at 21, 28 and 55 DAP are shown in Tables 
5.10 to 5.13. For all the hybrids and at all maturity stages, the principal carotenoids lutein, 
zeaxanthin, β-cryptoxanthin and β-carotene, and the total carotenoid content, in the germ 
was found to be significantly lower compared to the whole kernel. An exception of this was 
the β-carotene content at 21 and 55 DAP in ‘Hybrix 5’ (Tables 5.10 to 5.13). A similar 
result has been reported in yellow corn by Ndolo and Beta (2013), who found that the 
concentration of lutein, zeaxanthin and total carotenoid content in the germ fraction was 
significantly lower than in the whole kernel.  
Differences between the germ fraction and whole kernel for the content of minor 
carotenoids (antheraxanthin, zeinoxanthin, and α-carotene) differed between each hybrid. 
In the hybrids ‘14-6x10-3’ and ‘23-6x2-9’, the concentration in the germ fraction was 
significantly lower compared to the whole kernel, with the exception of α-carotene in the 
hybrid ‘23-6x2-9’. Whilst in the hybrids ‘2-9x11-7’ and ‘Hybrix 5’, significant differences 
were not found between the germ fraction and whole kernel, with the exception of 
antheraxanthin in ‘Hybrix 5’ (Tables 5.10 to 5.13). 
The carotenoid contribution from the germ fraction and the endosperm fraction to the 
whole kernel is shown in Tables 5.14 to 5.17. The germ contribution to the total carotenoid 
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content in the whole kernel was very low, contributing only < 2 % at 21-28 DAP and < 15 
% at 55 DAP, compared to the contribution from the endosperm (by difference).  
This germ contribution in the whole kernel was minimal as at 21-28 DAP it only constituted 
about 4-10% of the weight of the whole kernel, but increased to about 30-37 % at 55 DAP 
(Tables 5.14 to 5.17). As mentioned before (section 5.2.2), concentrations in the 
endosperm fraction were calculated by subtraction based on germ fraction weight 
proportions to whole kernels. As in whole kernels the pericarp was not removed, the 
endosperm fraction also included the pericarp fraction, which is colorless and does not 
have any carotenoid (Ford 2000). It means that concentrations in the endosperm fraction 
(removing the pericarp) are probably higher than the calculated in the present trial.   
In the germ fraction, the greatest concentration of carotenoid was represented by 
zeaxanthin, which at 21 -28 DAP accounted for more than 50% of the total carotenoid 
content (Tables 5.14 to 5.17 and Figure 5.3). Interestingly, this percentage of zeaxanthin 
was similar to the proportion in the endosperm of the zeaxanthin-biofortified sweet-corn 
hybrids. Zeaxanthin was also the main carotenoid (~52%) in the germ of ‘Hybrix 5’, which 
was significantly higher than that found in the endosperm (~20%) for this hybrid. In 
contrast to zeaxanthin, the proportion of lutein in the germ was smaller than the proportion 
in the whole kernel for all the hybrids (including ‘Hybrix 5’).  
In yellow corn (Zea mays L.), similar results related to the germ fraction contribution to the 
whole kernel have been reported. Lutein percentage in the germ has been found to be 
much lower than in the whole kernel, and a higher ratio of zeaxanthin to lutein was also 
found in the germ of yellow corn (Weber 1987; Bai et al. 2009; Burt et al. 2010; Ndolo & 
Beta 2013). Furthermore, in maize, the activity of the enzymes lycopene Ɛ-cyclase (LCYƐ) 
and lycopene β-cyclase (LCYβ)  that determine the flux of carotenoids towards α-branch or 
β-branch carotenoids have been reported to be differentially regulated in the endosperm 
and germ tissue  (Bai et al. 2009; Walter & Strack 2011). In yellow corn, the synthesis of 
carotenoids in the embryo has been shown to be favoured by the β-branch carotenoids 
over the α-branch carotenoids as consequence of low LCYƐ enzyme activity, whilst the 
opposite is true in the endosperm for yellow-corn (Bai et al. 2009). The observation from 
Bai et al. (2009) may explain the reason for the higher β-branch carotenoid concentration 
in the germ of the commercial yellow sweet-corn, ‘Hybrix 5’, opposite than its endosperm 
which has a higher α-branch carotenoid concentration. However, that observation from Bai 
et al. (2009) may be also the cause for the higher β-branch carotenoids concentration in 
the germ of the zeaxanthin-biofortified hybrids. Even in the zeaxanthin-biofortified hybrids 
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the carotenoid synthesis in the germ and endosperm is towards the β-branch, their LCYƐ 
activity may be lower in the germ compared to the endosperm tissue.  
After zeaxanthin, the carotenoid with the second highest concentration in the germ of 
zeaxanthin-biofortified hybrids was β-carotene. It also was the most abundant carotenoid 
after zeaxanthin, and lutein (in this order) in the germ fraction of ‘Hybrix 5’. The β-carotene 
proportion in the germ fraction (9-36 %) of all hybrids (including ‘Hybrix 5’) was 
consistently higher than its proportion in the endosperm (8-12 %). Antheraxanthin in the 
germ fraction also tended to record a larger proportion compared to the endosperm 
fraction, while β-cryptoxanthin showed a similar proportion in the germ and endosperm 
fraction. The results clearly showed that overall; the germ fraction had a β-branch 
carotenoid proportion higher than the endosperm. A higher concentration of β-branch 
carotenoids in cereal seeds has been proposed to be related to abscisic acid (ABA) 
synthesis (Ford 2000; Howitt et al. 2009; Rodríguez-Suárez et al. 2014). ABA in the germ 
is involved in maintaining seed dormancy and preventing premature germination (or 
viviparity) (McCarty 1995), whilst an ABA lack in the endosperm apparently does not have 
any effect on seed viability (Hoecker et al. 1999). In the germ, higher β-branch carotenoids 
and especially zeaxanthin, have been also related to photosynthesis as the embryo 
undergoes a rapid transition to photosynthetic activity soon after germination (Bai et al. 
2009). The above observations may be the reason for zeaxanthin in the germ (in both 
zeaxanthin-biofortified and commercial yellow sweet-corn) increased with kernel maturity, 
as the more zeaxanthin possibly the more ABA, although this was not assessed in the 
current trial.  
For the other minor carotenoids (zeinoxanthin and α-carotene), the proportion in the germ 
fraction was similar to the proportion in the endosperm fraction. In general, the amounts of 
these carotenoids in the germ fraction were negligible (Tables 5.14 to 5.17 and Figure 
5.3).
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Table 5.10. Carotenoid profile and protein content in the whole kernel, germ fraction, and endosperm fraction of the zeaxanthin-
biofortified sweet-corn hybrid ‘14-6x10-3’ 
µg g-1   
21 DAP 28 DAP 55 DAP 
whole kernel germ endo whole kernel germ endo whole kernel germ endo 
antherax. 6.02 ± 0.11 d 2.90 ± 0.51 c 6.23 8.76 ± 0.48 e 2.57 ± 0.34 c 9.51 1.17 ± 0.16 b 0.26 ± 0.1 a 1.64 
lutein 7.35 ± 0.68 c 0.56 ± 0.01 a 7.80 6.06 ± 0.54 bc 0.39 ± 0.15 a 6.75 4.76 ± 0.84 b 1.07 ± 0.32 a 6.60 
zeax. 67.62 ± 3.50 b 12.45 ± 0.24 a 71.30 94.80 ± 7.14 c 7.02 ± .51 a 105.44 63.56 ± 1.71 b 6.48 ± 1.52 a 92.10 
zeinox. 1.88 ± 0.0 b nd 2.00 3.54 ± 0.08 c nd 3.98 1.92 ± 0.02 b 0.27 ± 0.23 a 2.75 
β-crypto. 11.19 ± 1.17 d 1.48 ± 0.13 ab 11.84 7.54 ± 0.67 c 1.18 ± 0.03 a 8.31 3.42 ± 0.23 b 1.38 ± 0.19 a 4.45 
α-carot. nd nd nd 1.02 ± 0.0 a  nd 1.14 2.45 ± 0.0 b 1.25 ± 0.32 a 3.05 
β-carot. 7.90 ± 1.42 cd 5.82 ± 0.60 bc 8.04 10.22 ± 0.83 d 5.20 ± 0.25 b 10.82 6.74 ± 0.96 bc 2.02 ± 0.2 a 9.10 
total c. 101.95 ± 2.48 c 23.20 ± 0.21 a 107.19 131.94 ± 7.02 d 16.35 ± 0.68 a 145.95 84.52 ± 2.53 b 12.73 ± 1.05 a 120.42 
protein nd nd nd 14.47 ± 0.35 a 13.40 ± 0.28 a 14.60 17.20 ± 0.80 b 19.70 ± 0.31 c 15.95 
Carotenoid profile μg g-1 (dry weight basis). Protein content (% dry weight basis). Mean ± SE. Different letters within rows indicate significant difference according to 
Fisher LSD test (P < 0.05), n = 3. Endosperm was calculated by subtraction based on germ weight proportion to whole kernel, and it was not included in the 
statistical analysis. endo = endosperm, antherax. = antheraxanthin, zeax = zeaxanthin, zeinox = zeinoxanthin, β-crypto = β-cryptoxanthin, α-carot = α-carotene, β-
carot = β-carotene, total c = total carotenoid. 
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Table 5.11. Carotenoid profile and protein content in the whole kernel, germ fraction, and endosperm fraction of the zeaxanthin-
biofortified sweet-corn hybrid ‘23-6x2-9’ 
µg g-1 
21 DAP 28 DAP 55 DAP 
whole kernel germ endo whole kernel germ endo whole kernel germ endo 
antherax.    4.25 ± 0.20 d 0.14 ± 0.00 a 4.43 6.45 ± 0.14 e 1.21 ± 0.54 b 6.89 2.51 ± 0.27 c 1.94 ± 0.97 b 2.85 
lutein            10.88 ± 1.09 d 1.0 ± 0.00 b 11.30 14.14 ± 0.12 e 0.60 ± 0.16 a 15.26 6.81 ± 0.50 c 0.39 ± 0.12 a 10.56 
zeax.       60.64 ± 10.2 b 17.3 ± 7.70 a 62.53 91.73 ± 5.86 c 20.15 ± 4.46 a 97.69 62.24 ± 8.27 b 11.15 ± 4.36 a 92.04 
zeinox. 2.54 ± 0.30 c nd 2.65 2.92 ± 0.12 c 0.01 ± 0.00 b 3.16 0.49 ± 0.27 b 0.0025 ± 0.0 a 0.78 
β-crypto. 15.30 ± 2.05 d 1.83 ± 0.95 a 15.89 11.56 ± 1.04 c 2.26 ± 1.08 a 12.34 7.98 ± 1.67 b 1.44 ± 0.98 a 11.79 
α-carot.    nd nd nd 1.12 ± 0.02 a 0.54 ± 0.50 a 1.18 1.00 ± 0.00 a 0.78 ± 0.68 a 1.14 
β-carot.     10.28 ± 2.03 d 1.79 ± 0.00 a 10.65 12.21 ± 0.03 d 4.45 ± 1.94 c 12.86 7.49 ± 0.94 cd 2.94 ± 0.17 b 10.14 
total c. 103.88 ± 8.09 b 22.06 ± 1.06 a 107.45 140.14 ± 3.0 c 29.22 ± 0.59 a 149.39 88.51 ± 8.36 b 18.63 ± 0.14 a 129.28 
Protein 15.63 ± 0.79 b 12.10 ± 0.65 a 15.78 14.93 ± 0.81 b 11.50 ± 0.46 a 15.22 18.50 ± 0.49 c 18.10 ± 0.52 c 18.73 
Carotenoid profile μg g-1 (dry weight basis). Protein content (% dry weight basis). Mean ± SE. Different letters within rows indicate significant difference according to 
Fisher LSD test (P < 0.05), n = 3. Endosperm was calculated by subtraction based on germ weight proportion to whole kernel, and it was not included in the 
statistical analysis. endo = endosperm, antherax. = antheraxanthin, zeax = zeaxanthin, zeinox = zeinoxanthin, β-crypto = β-cryptoxanthin, α-carot = α-carotene, β-
carot = β-carotene, total c = total carotenoid 
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Table 5.12. Carotenoid profile and protein content in the whole kernel, germ fraction, and endosperm fraction of the zeaxanthin-
biofortified sweet-corn hybrid ‘2-9x11-7’ 
µg g-1 
21 DAP 28 DAP 55 DAP 
whole kernel germ endo whole kernel germ endo whole kernel germ endo 
antherax.    0.48 ± 0.06 ab 0.18 ± 0.00 a 0.50 2.04 ± 0.24 c 0.94 ± 0.11 d 2.17 0.78 ± 0.03 bc 0.10 ± 0.04 a 1.08 
lutein            12.24 ± 1.48 bc 2.54 ± 2.03 a 12.83 15.67 ± 0.92 c 0.28 ± 0.03 a 17.51 10.98 ± 0.28 b 1.24 ± 0.01 a 15.41 
zeax.       65.51 ± 0.34 c 10.04 ± 4.4 a 68.88 76.84 ± 0.23 c 7.51 ± 7.35 a 85.24 41.0 ± 0.03 b 4.38 ± 9.18 a 57.65 
zeinox. 1.64 ± 0.00 ab 0.21 ± 0.49 b 1.73 0.70 ± 0.00 ab 0.36 ± 0.24 ab 0.74 0.46 ± 0.01 a 0.09 ± 0.13 ab 0.64 
β-crypto. 10.96 ± 1.05 c  nd 11.62 8.87 ± 1.26 c 0.96 ± 0.06 a 9.83 3.83 ± 0.54 b 1.46 ± 0.07 a 4.91 
α-carot.    1.04 ± 0.34 a nd 1.10 0.89 ± 0.00 a 0.86 ± 0.3 a 0.89 0.57 ± 0.02 a 0.05 ± 0.31 a 0.81 
β-carot.     9.90 ± 0.28 bc 3.32 ± 1.35 a 10.30 11.88 ± 0.34 c 2.56 ± 0.30 a 13.00 9.18 ± 1.23 b 4.18 ± 0.35 a 11.46 
total c. 101.77 ± 9.21 c 16.29 ± 2.29 a 106.28 116.87 ± 2.84 d 13.48 ± 7.45 a 129.38 66.80 ± 0.63 b 11.53 ± 8.37 a 91.95 
protein nd nd nd 13.40 ± 0.79 a 13.40 ± 0.65 a 13.40 18.30 ± 0.91 b 19.70 ± 0.81 b 17.60 
Carotenoid profile μg g-1 (dry weight basis). Protein content (% dry weight). Mean ± SE. Different letters within rows indicate significant difference according to Fisher 
LSD test (P < 0.05), n = 3. Endosperm was calculated by subtraction based on germ weight proportion to whole kernel, and it was not included in the statistical 
analysis. endo = endosperm, antherax. = antheraxanthin, zeax = zeaxanthin, zeinox = zeinoxanthin, β-crypto = β-cryptoxanthin, α-carot = α-carotene, β-carot = β-
carotene, total c = total carotenoid 
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Table 5.13. Carotenoid profile and protein content in the whole kernel, germ fraction, and endosperm fraction of the commercial 
yellow sweet-corn hybrid ‘Hybrix 5’ 
µg g-1 
21 DAP 28 DAP 55 DAP 
whole kernel germ endo whole kernel germ endo whole kernel germ endo 
antherax. 4.73± 0.02 d 1.40 ± 0.50 ab 4.91 5.41 ± 0.08 d 2.10 ± 0.18 b 5.60 3.90 ± 0.07 c 0.92 ± 0.8 a 5.26 
lutein 30.98 ± 0.29 c 0.74 ± 0.35 a 32.57 28.62 ± 1.03 c 1.71 ± 0.51 a 30.21 10.05 ± 0.10 b 2.56 ± 1.51 a 13.40 
zeax. 12.59 ± 0.12 c 7.49 ± 1.91 b 12.86 12.22 ± 0.72 c 8.51 ± 4.04 b 12.45 8.57 ± 0.48 b 6.87 ± 0.66 a 9.32 
zeinox. 1.52 ± 1.01 b 0.54 ± 0.10 a 1.58 6.80 ± 1.64 c 0.30 ± 0.19 a 7.18 0.34 ± 0.00 a 0.22 ± 0.00 a 0.40 
β-crypto. 4.40 ± 0.39 c 1.24 ± 0.06 a 4.56 4.73 ± 0.35 c 1.17 ± 0.17 a 4.94 2.82 ± 0.06 b 1.08 ± 0.02 a 3.60 
α-carot. 4.06 ± 1.93 c nd 4.27 4.42 ± 1.20 c 0.34 ± 0.34 a 4.66 2.18 ± 0.8 b 1.26 ± 0.72 b 2.59 
β-carot. 3.85 ± 0.30 cd 2.99 ± 0.05 bc 3.90 4.60 ± 0.36 d 2.15 ± 0.37 ab 4.74 1.89 ± 0.04 a 1.63 ± 0.02 a 2.01 
total c. 62.11 ± 1.88 c 14.40 ± 1.78 a 64.64 66.80 ± 2.32 c 16.28 ± 5.46 a 69.78 29.78 ± 0.71 b 14.52 ± 5.43 a 36.57 
protein 13.03 ± 0.2 bc 10.40 ± 0.31 a 13.17 12.57 ± 0.75 b 10.60 ± 0.43 a 12.69 13.30 ± 0.33 bc 14.20 ± 0.29 c 12.90 
Carotenoid profile μg g-1 (dry weight basis). Protein content (% dry weight). Mean ± SE. Different letters within rows indicate significant difference according to Fisher 
LSD test (P < 0.05), n = 3. Endosperm was calculated by subtraction based on germ weight proportion to whole kernel, and it was not included in the statistical 
analysis. endo = endosperm, antherax. = antheraxanthin, zeax = zeaxanthin, zeinox = zeinoxanthin, β-crypto = β-cryptoxanthin, α-carot = α-carotene, β-carot = β-
carotene, total c = total carotenoid 
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Table 5.14. Distribution of carotenoid, protein, weight, and moisture content in the whole kernel, germ fraction, and endosperm 
fraction of the zeaxanthin-biofortified hybrid ‘14-6x10-3’ 
  
21 DAP 28 DAP 55 DAP 
whole kernel germ endosperm whole kernel germ endosperm whole kernel germ endosperm 
antheraxanthin    1.93 0.06 (3.0) 1.87 (97.0) 3.24 0.10 (3.2) 3.14 (96.8) 0.18 0.01 (7.4) 0.16 (92.6) 
lutein            2.35 0.01 (0.5) 2.34 (99.5) 2.24 0.02 (0.7) 2.23 (99.3) 0.72 0.06 (7.6) 0.67 (92.4) 
zeaxanthin        21.64 0.25 (1.2) 21.39 (98.9) 35.08 0.28 (0.8) 34.80 (99.2) 9.54 0.33 (3.4) 9.22 (96.6) 
zeinoxanthin      0.60 0.00 (0) 0.60 (100) 1.30 0.00 (0) 1.30 (100) 0.29 0.01 (4.7) 0.27 (95.3) 
β-cryptoxanthin   3.58 0.03 (0.8) 3.55 (99.2) 2.78 0.05 (1.7) 2.73 (98.3) 0.51 0.07 (13.7) 0.44 (86.3) 
α-carotene     nd nd nd 0.38 0.00 (0) 0.38 (100) 0.38 0.07 (17.3) 0.31 (82.7) 
β-carotene     2.53 0.12 (4.6) 2.41 (95.4) 3.78 0.21 (5.5) 3.57 (94.5) 1.01 0.1 (10.0) 0.91 (90.0) 
total carotenoid 32.64 0.47 (1.4) 32.17 (98.6) 48.82 0.65 (1.3) 44.22 (98.7) 12.68 0.64 (5.0) 12.04 (95.0) 
protein nd nd nd 5.35 0.54 (10.0) 4.82 (90.0) 2.58 0.99 (38.2) 1.60 (61.8) 
weight 0.32 0.02 (6.2) 0.30 (93.8) 0.37 0.04 (10.8) 0.33 (89.2) 0.15 0.05 (33.3) 0.1 (66.7) 
moisture 73.25 54.09 74.53 70.19 49.73 72.67 30.13 19.10 35.65 
Carotenoid µg (dry weight basis). Protein (% dry weight basis). Weight (g). Moisture content (%) Mean, n = 3. nd = no data. Figures in parenthesis are percentage 
contribution of fraction in whole kernel. 
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Table 5.15. Distribution of carotenoid, protein, weight and moisture content in the whole kernel, germ fraction, and endosperm 
fraction of the zeaxanthin-biofortified hybrid ‘23-6x2-9’ 
 21 DAP 28 DAP 55 DAP 
whole kernel germ endosperm whole kernel germ endosperm whole kernel germ endosperm 
antheraxanthin    1.03 0.001 (0.1) 1.03 (99.9) 1.69 0.02 (1.4) 1.67 (98.6) 0.48 0.14  (28.5) 0.34 (71.5) 
lutein            2.62 0.01 (0.4) 2.61 (99.6) 3.67 0.01 (0.3) 3.65 (99.7) 1.29 0.03 (2.1) 1.27 (97.9) 
zeaxanthin        14.54 0.17 (1.2) 14.37 (98.8) 23.84 0.40 (1.7) 23.44 (98.3) 11.83 0.78 (6.6) 11.05 (93.4) 
zeinoxanthin      0.60 0 (0) 0.60 (100) 0.75 0.00 (0) 0.75 (100) 0.10 0.00 (0.2) 0.09 (99.8) 
β-cryptoxanthin   3.67 0.02 (0.5) 3.65 (99.5) 3.02 0.05 (1.5) 2.97 (98.5) 1.52 0.10 (6.6) 1.42 (93.4) 
α-carotene     nd nd nd 0.29 0.01 (3.7) 0.28 (96.3) 0.19 0.07 (28.7) 0.12 (71.3) 
β-carotene     2.47 0.02 (0.7) 2.45 (99.3) 3.17 0.09 (2.8) 3.09 (97.2) 1.42 0.21 (14.5) 1.22 (85.5) 
total carotenoid. 24.94 0.22 (0.9) 24.72 (99.1) 36.44 0.58 (1.6) 35.84 (98.4) 16.82 1.30 (7.8) 15.51 (92.2) 
protein 3.75 0.12 (3.2) 3.63 (96.8) 3.88 0.23 (5.9) 3.65 (94.1) 3.52 1.27 (36) 2.25 (64) 
weight 0.24 0.01 (4.17) 0.23 (95.83) 0.26 0.02 (7.70) 0.24 (92.3) 0.19 0.07 (36.8) 0.12 (63.2) 
moisture 76.05 64.16 76.56 69.35 57.86 70.31 32.66 24.29 37.54 
Carotenoid µg (dry weight basis). Protein (% dry weight basis). Weight (g). Moisture content (%) Mean, n = 3. nd = no data. Figures in parenthesis are percentage 
contribution of fraction in whole kernel. 
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Table 5.16. Distribution of carotenoid, protein, weight, and moisture content in the whole kernel, germ fraction, and endosperm 
fraction of the zeaxanthin-biofortified hybrid ‘2-9x11-7’ 
 21 DAP 28 DAP 55 DAP 
whole kernel germ endosperm whole kernel germ endosperm whole kernel germ endosperm 
antheraxanthin    0.18 0.004 (2.3) 0.17 (97.7) 0.74 0.04 (4.9) 0.72 (95.1) 0.13 0.00 (3.9) 0.12 (96.1) 
lutein            4.27 0.05 (1.2) 4.22 (98.8) 5.81 0.01 (0.2) 5.80 (99.8) 1.76 0.06 (3.4) 1.7 (96.6) 
zeaxanthin        22.93 0.2 (0.9) 22.73 (99.1) 28.42 0.3 (1.1) 28.12 (98.9) 6.56 0.22 (3.4) 6.34 (96.6) 
zeinoxanthin      0.56 0.004 (0.7) 0.56 (99.3) 0.26 0.01 (5.6) 0.24 (94.4) 0.08 0.00 (6.3) 0.08 (93.8) 
β-cryptoxanthin   3.85 0.00 (0) 3.85 (100) 3.29 0.04 (1.2) 3.25 (98.8) 0.61 0.08 (11.9) 0.53 (88.1) 
α-carotene     3.85 0.00 (0) 3.85 (100) 0.33 0.03 (10.4) 0.29 (89.6) 0.10 0.005 (2.7) 0.09 (97.3) 
β-carotene     3.47 0.07 (1.9) 3.40 (98.1) 4.40 0.10 (2.4) 4.30 (97.6) 1.47 0.21 (14.3) 1.26 (85.7) 
total carotenoid 35.62 0.33 (0.9) 35.29 (99.1) 43.25 0.54 (1.3) 42.71 (98.7) 1.53 0.08 (5.4) 1.45 (94.6) 
protein nd nd nd 4.96 0.54 (10.8) 4.42 (89.2) 2.93 0.99 (33.6) 1.94 (66.4) 
weight 0.35 0.02 (5.7) 0.33 (94.3) 0.37 0.04 (10.8) 0.33 (89.2) 0.16 0.05 (31.3) 0.11 (68.8) 
moisture 74.41 51.43 75.80 70.33 52.05 72.55 22.34 18.99 23.86 
Carotenoid µg (dry weight basis). Protein (% dry weight basis). Weight (g). Moisture content (%) Mean, n = 3. nd = no data. Figures in parenthesis are percentage 
contribution of fraction in whole kernel. 
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Table 5.17. Distribution of carotenoid, protein, weight, and moisture content in the whole kernel, germ fraction, and endosperm 
fraction of the commercial yellow hybrid ‘Hybrix 5’ 
 21 DAP 28 DAP 55 DAP 
whole kernel germ endosperm whole kernel germ endosperm whole kernel germ endosperm 
antheraxanthin    1.88 0.03 (1.5) 1.85 (98.5) 1.94 0.04 (2.2) 1.90 (97.8) 0.51 0.04 (7.3) 0.47 (92.7) 
lutein            12.40 0.01 (0.1) 12.39 (99.9) 10.30 0.03 (0.3) 10.26 (99.7) 1.31 0.10 (7.8) 1.21 (92.20) 
zeaxanthin        5.04 0.15 (3.0) 4.89 (97.0) 4.39 0.17 (3.9) 4.22 (96.1) 1.12 0.28 (24.7) 0.84 (75.3) 
zeinoxanthin      0.60 0.01 (1.7) 0.59 (98.3) 2.45 0.00 (0.2) 2.44 (99.8) 0.04 0.01 (20.5) 0.03 (79.5) 
β-cryptoxanthin   1.76 0.02 (1.4) 1.74 (98.6) 1.69 0.02 (1.4) 1.67 (98.6) 0.37 0.04 (11.8) 0.32 (88.2) 
α-carotene     1.62 0.0 (0.0) 1.62 (100) 1.58 0.00 (0.4) 1.58 (99.6) 0.28 0.05 (17.8) 0.23 (82.2) 
β-carotene     1.56 0.06 (3.8) 1.50 (96.2) 1.66 0.04 (2.7) 1.61 (97.3) 0.25 0.07 (26.5) 0.18 (73.5) 
total carotenoid. 24.88 0.29 (1.2) 24.60 (98.8) 24.01 0.33 (1.4) 23.69 (98.6) 3.87 0.58  (15) 3.29 (85) 
protein  5.21 0.21 (4) 5.00 (96) 4.53 0.21 (4.7) 4.31 (95.3) 1.73 0.57 (32.9) 1.16 (67.1) 
weight  0.40 0.02 (5) 0.38 (95) 0.36 0.02 (5.6) 0.38 (94.4) 0.13 0.04 (30.8) 0.09 (69.2) 
moisture  75.18 52.52 76.37 73.06 51.24 74.34 30.25 28.08 31.21 
Carotenoid µg (dry weight basis). Protein (% dry weight basis). Weight (g). Moisture content (%) Mean, n = 3. nd = no data. Figures in parenthesis are percentage 
contribution of fraction in whole kernel. 
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Figure 5.3. Carotenoid proportion in the endosperm fraction and germ fraction of the 
zeaxanthin-biofortified sweet-corn hybrids and a commercial yellow sweet-corn. 
End = endosperm. 21, 28, and 55 = days after pollination. 
Protein concentration (DW) of the whole kernel and germ fraction was generally similar, 
with occasional exceptions in which protein in the germ fraction was significantly higher or 
lower than the whole kernel. In general, however, protein concentration was more equally 
distributed between the endosperm fraction and germ fraction, compared to carotenoid 
concentration (Tables 5.10 to 5.13). Contrary to this study, protein in the germ fraction of 
yellow corn has shown a higher concentration compared to the endosperm fraction, 
additionally, differences in the amino acid profile between both proteins have been found, 
the germ having higher levels of lysine (Naves et al. 2011). It is known that protein 
composition in the germ differs from the endosperm, as zein is mostly present in the 
endosperm, glutein can be found in both endosperm and germ, while globulins and 
albumins are mostly in the germ (Shukla & Cheryan 2001). As this trial did not focus on the 
evaluation of specific types of protein, it is not possible to conclude further about specific 
protein differentiation between germ and endosperm. 
At different stages of kernel development (18, 21 and 28 DAP), protein concentration (%) 
both in DW and FW basis was not significantly different within hybrids (Figure 5.4). 
However, compared to 18, 21 and 28 DAP, at 55 DAP protein content was significantly 
higher for all the hybrids, excepting ‘Hybrix 5’ based on DW. As protein was equally 
distributed across the kernel, these increases in protein content at 55 DAP were also 
reflected in the germ fraction (Tables 5.10 to 5.13).  
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Compared to the zeaxanthin-biofortified hybrids, protein content in ‘Hybrix 5’ was 
significantly smaller (at all kernel development stages) when DW basis were compared, 
although based on FW, significant differences only occurred at 55 DAP (Figure 5.4).  
 
 
 
 
 
 
 
 
 
Figure 5.4. Total protein content in the zeaxanthin-biofortified sweet-corn hybrids and a 
commercial yellow sweet-corn hybrid.  
Zeaxanthin biofortified sweet-corn hybrids: ‘14-6x103’, ‘23-6x2-9, and ‘2-9x11-7’. Commercial yellow sweet-
corn hybrid: ‘Hybrix 5’. Protein content (%). DW = dry weight basis. FW = fresh weight basis. All hybrids 
harvested at 18, 21, 28 and 55 DAP. Different letters within each graph indicate significant difference 
according to Fisher LSD test (P < 0.05), n = 3 
Similarly to protein, starch content at 55 DAP was significantly higher in all hybrids, 
(compared to the content at 18, 21 and 28 DAP). Non-significant differences were found in 
starch content between hybrids at 55 DAP on a DW basis, however based on FW, the 
hybrids were significantly different, with ‘Hybrix 5’ having a significantly lower content. At 
18-21 DAP, starch content between hybrids was not significantly different, whilst at 28 
DAP it started to increase showing some significant differences between hybrids (Figure 
5.5). 
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Figure 5.5. Total starch content in the zeaxanthin-biofortified sweet-corn hybrids and a 
commercial yellow sweet-corn hybrid  
Zeaxanthin biofortified sweet-corn hybrids: ‘14-6x103’, ‘23-6x2-9, and ‘2-9x11-7’. Commercial yellow sweet-
corn hybrid: ‘Hybrix 5’. Starch content (%). DW = dry weight basis. FW = fresh weight basis. All hybrids 
harvested at 18, 21, 28 and 55 DAP. Different letters within each graph indicate significant difference 
according to Fisher LSD test (P < 0.05), n=3 
Visually, the zeaxanthin-biofortified hybrids appear to have a greater proportion of vitreous 
endosperm compared to the commercial-yellow sweet-corn hybrid. From images of the 
hybrid ‘23-6x2-9’ and ‘Hybrix 5’ (Figure 5.6) it was possible to observe a wider pigment 
distribution practically covering the whole kernel section of the hybrid ‘23-6x2-9’, compared 
to ‘Hybrix 5’. Whilst in ‘Hybrix 5’ a major proportion of starchy endosperm (white area) was 
observed, compared to the high zeaxanthin hybrid (Figure 5.6). Figure 5.7 (A and B) also 
shows this wider distribution of vitreous endosperm in ‘23-6x2-9’. With these images, the 
kernels were frozen before sectioning, allowing water crystals to form. These produced 
tears in the tissue and air spaces in the images shown in Figure 5.7, but despite these 
spaces, the differences between the hybrids were distinguishable. 
As mentioned above, ‘Hybrix 5’ did not have a higher starch content than the zeaxanthin-
biofortified hybrids, indicating that the greater proportion of starchy endosperm in this 
hybrid (compared to high zeaxanthin hybrids) is probably related to the less carotenoid 
content and protein in this hybrid, and not necessarily meant a higher starch concentration. 
As protein content was found to be significantly higher in the zeaxanthin-biofortified 
hybrids, it is possible that this higher protein content is directly related to the higher 
vitreous endosperm and associated to the higher carotenoid content in these hybrids 
compared to the yellow sweet-corn. A similar association between higher protein and 
carotenoid content has been reported in provitamin-A maize varieties which had higher 
protein content (12.8 100 g-1) than white maize (9.7 %) (Machida et al. 2010; Pillay et al. 
2013).  
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Zein which is the main protein in the endosperm, has been proposed to be assembled into 
protein bodies that start their formation in the sub-aleurone layer (Lending & Larkins 1989). 
As protein bodies move toward the endosperm their size increases and as it was 
mentioned before the triple helix formed by zein becomes more hydrophobic, having a 
totally non-polar interior (Momany et al. 2006; Hoffman & Shaver 2011). Lutein has been 
suggested to bind to the interior of the zein triple helix (Momany et al. 2006) but also 
xanthophylls and other carotenes have been proposed to bind to zein, being the cause of 
the yellow colour of the industrial corn protein, which results in being very difficult to 
separate (Shukla & Cheryan 2001).  
In yellow corn, lutein and zeaxanthin were found by Ndolo and Beta (2013) to be more 
concentrated in the aleurone layer, with zeaxanthin being the dominant carotenoid in this 
layer. The authors mentioned that the aleurone layer was surrounded by lipid droplets and 
carotenoids, and these may protect the membranes from peroxidation of lipids. In the 
present trial, the aleurone layer was found to be highly pigmented (Figure 5.7). Also, the 
first layers in the vitreous endosperm (below the aleurone layer) had a highly pigmented 
appearance, with pigments in this area surrounded by protein bodies (Figure 5.7 C and 5.7 
D) and probably forming a matrix within starch granules that were not distinguishable due 
to the pigmentation. 
Visually, carotenoid accumulation seems to be higher in the aleurone and first layers of the 
vitreous endosperm, compared to the deeper vitreous endosperm layers and starchy 
endosperm. If carotenoids, particularly zeaxanthin and lutein, are more concentrated in 
this outher region, and form a matrix with oil, protein and starch, they probably would be 
more stable than other carotenoids within the deeper endosperm. Also, this may be the 
reason why external kernel colour does not necessarily reflect further carotenoid 
concentration change within the kernel. However, further studies to measure carotenoid, 
protein, oil and starch concentration in different layers across the endosperm would be 
necessary to corroborate this. 
The above evidence also suggest that the positive carotenoid and protein relationship in 
the zeaxanthin-biofortified hybrids may be related to zein and its structure, however further 
studies about protein composition in the endosperm of high zeaxanthin sweet-corn may be 
done to support this. A high proportion of vitreous to starchy endosperm has been 
documented to affect starch digestibility in dairy cattle (Ngonyamo-Majee et al. 2008; 
Hoffman & Shaver 2011), which has been related to the specific protein composition 
(prolamin-zein) in the vitreous endosperm (Lebaka et al. 2007). The possibility exists that 
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the higher proportion of vitreous to starchy endosperm, and the higher content of protein in 
the zeaxanthin-biofortified hybrids compared to the commercial yellow sweet-corn may 
affect the carotenoid bioavailability. However, further studies are necessary to corroborate 
this and to evaluate the protein composition of these hybrids. 
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Figure 5.6. Kernel section image of the commercial yellow sweet-corn hybrid ‘Hybrix 5’ and 
the zeaxanthin-biofortified sweet-corn hybrid ‘23-6x2-9’  
‘Hybrix 5’ left image. ’23-6x2-9’ right image. Both hybrids were harvested at 21 days after pollination. 
 
Figure 5.7. Microscopy scanning of a sectioned kernel of the commercial yellow sweet-
corn hybrid ‘Hybrix 5’ and the zeaxanthin-biofortified sweet-corn hybrid ‘23-6x2-9’  
‘Hybrix 5’ (A), ‘23-6x2-9’ showing first layers of vitreous endosperm (B), vitreous endosperm cells from the 
hybrid ‘23-6x2-9 with pigments and protein bodies (C), aleurone layer from ‘23-6x2-9’ (D). Both kernels were 
harvested at 28 DAP. 
A B 
C D 
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CHAPTER 6 Influence of postharvest temperature on carotenoid content and quality 
of zeaxanthin-biofortified and standard yellow sweet-corn 
6.1. Abstract 
Sweet-corn from the zeaxanthin-biofortified hybrid ‘2-9x11-7’ and the commercial yellow 
hybrid ‘Hybrix 5’ were grown during the autumn season, 2015. Cobs were harvested at 
optimum eating stage, between 28-32 days after pollination (DAP). Cobs of each hybrid 
were divided into 6 groups of 12 replicates per group. One group per hybrid was frozen at -
80 ºC, another group was frozen at -20 ºC, and both were subsequently stored at each 
temperature for up to 3 months. The rest of the groups were stored at 4 ºC for periods of 6, 
9, 12 and 15 days and then stored at -20 ºC up to 3 months. Three additional trials 
(summer harvest, 2016), were performed to corroborate frozen temperature effects on 
carotenoid content, the effect of storage at 4 ºC on carotenoid content, and the effect of 
storage time on moisture content. Colour, carotenoid profile, sugars (sucrose, glucose and 
fructose), starch and moisture content were evaluated after each storage treatment. Cobs 
frozen at -20 ºC had a significant reduction of the principal carotenoids present, especially 
the β-branch carotenoids, compared to cobs frozen at -80 ºC. Carotenoid content of cobs 
frozen at -80 ºC were not significantly different to the carotenoid content of cobs 
immediately analysed after harvest without freezing. Storage at 4 ºC up to 15 days 
followed by storage at -20 ºC up to 3 months did not reduce carotenoid content. Colour 
was not affected by any of the temperature treatments. Moisture content of cobs stored at 
4 ºC significantly increased from their initial content at harvest. In the zeaxanthin-
biofortified hybrid ‘2-9x11-7’, sucrose and total sugar content significantly decreased at 4 
ºC, whilst in the commercial yellow hybrid (‘Hybrix 5’) sucrose and total sugar remained 
unchanged, although glucose and fructose significantly decreased. Starch content was not 
affected by any of the temperature treatments. Total soluble solids (TSS) significantly 
decreased when cobs were stored at 4 ºC, with this change being greater in the 
zeaxanthin-biofortified hybrid. The results suggest that 4 ºC is a stable temperature to 
store cobs for up to two weeks, and could be used as a preconditioning temperature to 
avoid the detrimental effect on carotenoid content by storing cobs directly at -20 ºC after 
harvest. However, although carotenoid content was not affected, storage at 4 ºC 
significantly reduced the kernel quality parameters, TSS and individual sugars. 
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6.2. Introduction  
The Australian zeaxanthin-biofortified sweet-corn hybrids and the commercial yellow 
sweet-corn ‘Hybrix 5’ have been developed with the shrunken 2 gene (sh2) mutation. The 
sh2 mutation is characterized by having more sugar content than the sugary (su) sweet-
corn, and lower amounts of phytoglycogen compared to sugary genotypes (Ferguson et al. 
1979; Wong et al. 1994; Kumari et al. 2008). The sh2 gene negatively affects the synthesis 
of starch resulting in lower levels of starch and an increase of simple sugars and especially 
sucrose (Cardoso et al. 2002) at all maturities compared to sugary and sugary enhance 
varieties (Hale et al. 2005a). As a consequence, varieties with the sh2 mutation are known 
as ‘super-sweet’ sweet-corn (Brecht et al. 1990).  
The effect of storage time and temperature on sweet-corn has been studied by several 
authors (Tsai & Glover 1974; Olsen et al. 1990; Wong et al. 1994), however most of these 
studies have focused on sugar, starch, texture and moisture changes, as these 
parameters have been previously identified as the main sweet-corn quality parameters 
perceived by consumers (Garwood et al. 1976; Brecht et al. 1990). 
Burt et al. (2010) reported that the information related to carotenoid changes during 
postharvest cool storage is very limited, and most of the efforts to understand storage 
effects on carotenoid metabolism have concentrated on maize rather than sweet-corn. 
Maize, which is stored as a mature semi-dried grain, has very different physiological 
characteristics to sweetcorn, which is harvested immature. Therefore, storage effects on 
maize carotenoids are of limited benefit to understanding the impact of storage on sweet-
corn. Moreover, due to its novelty, there is no information about the behaviour of 
zeaxanthin-biofortified sweet-corn, either for changes in carotenoids or otherwise during 
storage.  
Therefore, the objectives of this chapter were to determine the impact of storage at 4 ºC 
on the changes in the carotenoid profile, and other quality parameters in zeaxanthin-
biofortified sweet-corn and commercial yellow sweet-corn. In addition, due to the storage 
facility within the laboratory being limited to -20 ºC rather than -80 ºC, the effect of freezing 
temperature prior to carotenoid and quality parameter analysis was also investigated. 
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6.3. Materials and Methods 
Plant Material 
Cobs from the zeaxanthin-biofortified sweet-corn hybrid ‘2-9x11-7’ and the commercial 
yellow sweet-corn hybrid ‘Hybrix 5’, were planted in February 2015 and harvested in May 
2015 (corresponding to the autumn harvest, 2015). Cobs were harvested between 28-32 
days after pollination (DAP), corresponding to the optimum eating stage. Growth and 
harvest conditions were as specified in section 3.1 of Chapter 3. 
Colour (lightness, chroma, hue angle) was evaluated 1 day after harvest and then cobs of 
each hybrid were divided into 6 groups of twelve cobs (replicates) per treatment. One of 
the groups of each hybrid was frozen at -80 ºC and another frozen at -20 ºC, and kept at 
each temperature for up to 3 months. The remainder of the groups were stored in semi 
open plastic bags (polyethylene bags 50-100 µm thickness, 3 cobs per bag), placed in 
lidded polystyrene boxes, and then stored in a chill room at 4 ºC and 70 % RH for 6, 9, 12 
and 15 days. After each storage period at 4 ºC, kernel colour was measured, followed by 
subsequent storage at -20 ºC for 3 months.  
After the 3 months period, all the groups were measured for their carotenoid profile (µg g-1) 
dry weight basis, according to section 3.5 of Chapter 3, moisture content (%) according to 
section 3.4 of Chapter 3, total soluble solids (TSS) according to section 3.3 of Chapter 3, 
sugars (glucose, fructose and sucrose) and starch content. 
Colour 
Colour, lightness (L*), chroma (C*) and hue angle were measured initially at one day after 
harvest and also at the end of each storage period. After each withdrawal at 4 ºC, cobs 
were moved to a room at ambient conditions (23 ºC, 40 % RH) and allowed to equilibrate 
to this temperature (less than 2 hours). Moisture from condensation was removed from the 
kernel surface using a tissue, and then the colour was measured. 
Colour was measured according to section 3.2 of Chapter 3 
Sugars and starch content 
Sugars and starch were measured only for the group frozen at -80 ºC and kept at this 
temperature for 3 months and for the group stored during 6 and 15 days at 4 ºC followed 
by storage at -20 ºC for three months. Measurements were made according to the method 
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of Southgate (1969a) and Southgate (1969b) with modifications. Whole kernels from 
frozen cobs were randomly removed from the central region of the cob. The removed 
kernels were cryogenically milled, 5 g of the milled sample were weighed into a 50 mL 
falcon tube and extracted with 2 portions of 25 mL of 50:50 ethanol: deionised water, and 
centrifuged each time at 4000-5000 rpm at 4 °C for 20 min (Eppendorf centrifuge, models 
5804R rotor A-4-44 rcf: 2,250 x g, and 5810R rotor A-4-62 rcf: 3,200 x g. Hamburg, 
Germany); 2 mL of the supernatant was filtered through a 0.2 μm aqueous syringe filter 
and measured for sugars. 
The residue (precipitate) was washed with diethyl ether and left overnight to dry for starch 
analysis according to the method of Wills et al. (1980), with modifications. From the 
residue, 400 mg was gelatinised by adding 10 mL of water and refluxing for 4 h with hot 
water (40 ºC). The pH was adjusted to pH 3.0-4.2 and 2.5 mL of amyloglucosidase (AMG, 
purchased from Novozymes) added while samples were shaken at 40 ºC. Samples were 
cooled and 10 mL of 50:50 ethanol:deionised water added, before centrifugation 
(Eppendorf centrifuge, models 5804R rotor A-4-44 rcf: 2,250 x g, and 5810R rotor A-4-62 
rcf: 3,200 x g. Hamburg, Germany) at 4000-5000 rpm at 4 ºC for 20 min; 2 mL of the 
supernatant was filtered through a 0.2 μm aqueous syringe filter, then starch was 
measured indirectly by analysing the glucose content from the hydrolysed starch by HPLC.  
Sugars were separated on a LC-NH2 column, 250 x 4.6 mm, 5 µm (Supelcosil), and 
monitored by a refractive index detector (Shimadzu, RID-10A, Kyoto, Japan). A 10 μL 
aliquot was injected into the column, using a mobile phase of 85 % acetonitrile: 15 % 
deionised water (v/v). Quantification was undertaken using calibration curves of standards 
for each sugar: D-glucose, D-fructose, and sucrose. 
Additional trials  
A. To confirm the freezing effect of -80 ºC on carotenoid content, the zeaxanthin-
biofortified hybrid ‘23-6x2-9’ was planted in September, 2016 and harvested in 
December, 2016 (corresponding to the summer season, 2016). Cobs were harvested 
at 18 days after pollination (DAP), with an average moisture content of 76 %. Initial 
carotenoid content was evaluated one day after harvest and compared to the 
carotenoid content of cobs frozen within 5 hours after harvest at -80 ºC and stored at 
this temperature up to three months. Replicates of six cobs per temperature treatment 
were used in this trial. 
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B. To confirm the effect of storage at 4 ºC followed by storage at -20 ºC for up to 3 
months on carotenoid content, the zeaxanthin-biofortified hybrid ‘2-9x11-7’ was 
planted in September, 2016 and harvested in December, 2016 (corresponding to the 
summer season, 2016). Cobs were harvested at 21 days after pollination (DAP), with 
an average moisture content of 74 %. Initial carotenoid content was evaluated one day 
after harvest and compared to the carotenoid content of cobs stored within 5 h after 
harvest at 4 ºC for 5 d and then stored at -20 ºC for up to three months. Replicates of 
six cobs per temperature treatment were used in this trial. 
C. To confirm storage effects on moisture content, the zeaxanthin-biofortified hybrid ‘2-
9x11-7’ and the commercial yellow sweet-corn ‘Hybrix 5’ were planted in September 
2016 and harvested in December 2016 (corresponding to the summer season, 2016). 
Cobs were harvested at 20 DAP. Initial moisture content was evaluated within 5 hours 
after harvest and compared to the moisture content of cobs stored at 20 ºC for 2, 3, 6 
and 9 d. Replicates of four cobs per treatment were used in this trial. 
For all the additional trials, field growth conditions and harvest procedures were as 
specified in section 3.1 of Chapter 3; moisture content and carotenoid content analysis 
were as indicated in sections 3.4 and 3.5 of Chapter 3, respectively. A completely 
randomized design was used in each trial. 
Statistical analysis 
An analysis of variance was performed to compare carotenoid content, colour, total soluble 
solids, moisture content, sugars and starch of the sweet-corn hybrids stored for different 
periods. Fisher LSD was used as a comparison test with a significance level of 0.05. 
InfoStat software (version 2017p) was used for the statistical analysis. 
6.4. Results and Discussion 
6.4.1. Carotenoid content and colour 
Effect of freezing temperature on individual carotenoids and total carotenoid content of the 
commercial yellow sweet-corn ‘Hybrix 5’ and the zeaxanthin-biofortified sweet-corn ‘2-
9x11-7’ are shown in Table 6.1. Compared to the -80 ºC treatment, cobs frozen at -20 ºC 
for both hybrids had a significant reduction in β-carotene (33 % in ‘2-9x11-7’ and 29 % in 
‘Hybrix 5’) , β-cryptoxanthin (39 % in ‘2-9x11-7’ and 59 % in ‘Hybrix 5’) and zeaxanthin (33 
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% in ‘2-9x11-7’ and 30 % in ‘Hybrix 5’) concentration for both hybrids, and a significant 
reduction in lutein (23 %) for ‘Hybrix 5’.  
The results from Table 6.1 indicate that the effect of freezing at -20 ºC only affected the β-
branch carotenoids except for antheraxanthin from the zeaxanthin-biofortified hybrid (‘2-
9x11-7’) in which β-carotene, β-cryptoxanthin and zeaxanthin represented at least ~74 % 
of the total carotenoid profile. In ‘Hybrix 5’ the effect of freezing at -20 ºC mainly affected 
lutein, the carotenoid which accounts for the highest concentration of carotenoids in this 
hybrid (53 %), but also β-branch carotenoids except antheraxanthin were affected in 
‘Hybrix 5’, β-branch carotenoids in this hybrid represent approximately ~25 % of the total 
carotenoid profile.  
Table 6.2 shows the effect of freezing temperature (-20 ºC compared to -80 ºC) on the 
carotenoids grouped together as either β-branch or α-branch carotenoids. The results 
suggest that the β-branch carotenoids may be more susceptible to the effect of freezing at 
-20 ºC than the α-branch carotenoids. The β-branch carotenoids had a significant 
reduction of 27.5 % in ‘Hybrix 5’ and 42.0 % in ‘2-9x11-7’, compared to the α-branch 
carotenoids, which only had a significant reduction accounted mainly by lutein in ‘Hybrix 5’ 
(25.3 %), (Table 6.2).  
A second trial was performed to compare initial carotenoid content evaluated one day after 
harvest and the carotenoid content of cobs stored within 5 hours after harvest at -80 ºC for 
three months (Table 6.3). For this second trial a different zeaxanthin-biofortified hybrid ‘23-
6x2-9’ was used, this hybrid was grown in the summer season of 2016, and harvested at 
18 DAP. 
No significant differences were found between the carotenoid profiles of kernels measured 
one day after harvest compared to kernels frozen at -80 ºC (within 5 hours after harvest) 
and analysed after a three months duration of being frozen (Table 6.3). This indicates that 
-80 ºC appears to be a stable temperature to preserve carotenoids up to three months. In 
contrast, it would appear that kernels that are transferred to storage at -20 ºC soon after 
harvest undergo degradation, mainly of the β-branch and carotenoids with largest 
concentration like lutein in ‘Hybrix 5’. 
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Table 6.1 Effect of frozen storage at -20 ºC and -80 ºC on the carotenoid profile of the 
zeaxanthin-biofortified sweet-corn hybrid ‘2-9x11-7’ and the commercial yellow 
sweet-corn hybrid ‘Hybrix 5’ 
Carotenoid 
Hybrid 
Treatment  
μg g-1 (DW) -20 ºC -80 ºC 
α-carotene ‘Hybrix 5’ 1.3 ± 0.1 a 1.6 ± 0.2 a 
  ‘2-9x11-7’ 1.6 ± 0.1 a 2.2 ± 0.6 a 
zeinoxanthin ‘Hybrix 5’ 5.1 ± 0.4 a 5.4 ± 0.7 a 
  ‘2-9x11-7’ 3.2 ± 0.4 a 3.7 ± 0.5 a 
lutein ‘Hybrix 5’ 21.8 ± 0.8 a 28.3 ± 2.0 b 
  ‘2-9x11-7’ 10.5 ± 0.8 a 9.4 ± 0.4 a 
β-carotene ‘Hybrix 5’ 1.9 ± 0.1 a 2.7 ± 0.2 b 
  ‘2-9x11-7’ 5.0 ± 0.7 a 7.4 ± 0.8 b 
β-cryptoxanthin ‘Hybrix 5’ 1.3 ± 0.1 a 3.1 ± 0.7 b 
  ‘2-9x11-7’ 3.8 ± 0.4 a 6.2 ± 0.7 b 
zeaxanthin ‘Hybrix 5’ 5.2 ± 0.2 a 7.5 ± 0.7 b 
  ‘2-9x11-7’ 28.4 ± 2.1 a 42.5 ± 1.6 b 
antheraxanthin ‘Hybrix 5’ 5.6 ± 0.3 a 4.6 ± 0.5 a 
  ‘2-9x11-7’ 5.2 ± 0.7 a 4.0 ± 0.3 a 
total carotenoid  ‘Hybrix 5’ 42.3 ± 1.4 a 53.3 ± 3.4 b 
  ‘2-9x11-7’ 57.5 ± 4.1 a 75.5 ± 2.7 b 
Cobs were harvested at 28-32 DAP (autumn harvest). Cobs were frozen one day after harvest and evaluated 
after 3 months of storage at each temperature. Mean ± SE, n = 12. DW = dry weight basis. Different letters 
within a row for the same carotenoid and hybrid indicate significant difference according to Fisher LSD test 
(P < 0.05). 
Table 6.2. Frozen temperature effect on the carotenoids (grouped as β-branch and α-
branch) of the zeaxanthin-biofortified sweet-corn hybrid ‘2-9x11-7’ and the 
commercial yellow sweet-corn hybrid ‘Hybrix 5’ 
Carotenoid group 
µg g -1 (DW) 
Hybrid 
Treatment 
-20 ºC -80 ºC 
β-branch carotenoids ‘Hybrix 5’ 14.1 ± 0.5 a 17.9 ± 1.2 b 
  ‘2-9x11-7’ 42.3 ± 3.4 a 60.1 ± 2.6 b 
α-branch carotenoids ‘Hybrix 5’ 28.2 ± 1.1 a 35.3 ± 2.4 b 
  ‘2-9x11-7’ 15.2 ± 1.0 a 15.4 ± 1.1 a 
Cobs were harvested at 28 – 32 DAP (autumn harvest). Cobs were frozen one day after harvest and 
evaluated after 3 months of storage at each temperature. β-branch carotenoids: β-carotene, β-cryptoxanthin, 
zeaxanthin and antheroxanthin. α-branch carotenoids: α-carotene, zeinoxanthin and lutein. DW = dry weight 
basis. Different letters within a row for the same carotenoid group and hybrid indicate significant difference 
according to Fisher LSD test (P < 0.05). Mean ± SE, n = 12 
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Table 6.3. Carotenoid content of the zeaxanthin-biofortified sweet-corn hybrid '23-
6x2-9' before and after storage at -80 ºC  
Carotenoid 
µg g-1 (Dry Weight) 
Treatment 
One day after harvest -80 ºC up to three months 
zeinoxanthin 0.8 ± 0.4  0.7 ± 0.3  
lutein 8.2 ± 0.9  8.3 ± 1.2 
β-carotene 2.6 ± 0.4  2.7 ± 0.2  
β-cryptoxanthin 4.0 ± 1.0 3.7 ± 0.8 
zeaxanthin 23.7 ± 3.0 22.4 ± 3.7  
antheraxanthin 2.5 ± 0.9 2.4 ± 0.6  
total carotenoid  41.8 ± 4.7 40.3 ± 5.6 
Cobs were harvested at 18 DAP (summer harvest). Carotenoid content was evaluated one day after harvest 
and then after storage for 3 months at -80 °C. Significant differences within a row for the same carotenoid 
were not found (P ˃ 0.05). Mean ± SE, n = 6. 
Table 6.4 shows the effect of storage at 4 ºC followed by storage at -20 ºC for 3 months on 
carotenoid content. In both hybrids (zeaxanthin-biofortified and commercial yellow sweet-
corn), no significant differences were observed between the initial carotenoid content and 
the final content after the storage periods. 
These results were further confirmed in a second trail, in which no significant differences 
were found when the initial carotenoid profile of the zeaxanthin-biofortified hybrid ‘2-9x11-
7’ (harvested at 21DAP, summer season, 2016) was measured immediately after harvest 
and compared with the carotenoid profile from cobs stored at 4 ºC for 5 d prior to storage 
at -20 ºC for three months (Table 6.5). 
The results indicate that 4 ºC is a stable temperature to preserve carotenoids for up to 15 
d. In maize, Burt et al. (2010) reported that carotenoid concentration remained stable over 
three months of storage at 4 ºC and 35 % relative humidity. Storage at 4 ºC has been also 
reported as a stable temperature for carotenoids in crops like durum wheat (Triticum 
turgidum conv. Durum)  (Mellado-Ortega et al. 2015) ‘Cara Cara’ citrus (Citrus sinensis (L.) 
Osbeck) (Tao et al. 2012), and others. 
Carotenoid structure and configuration have been reported to be related to their stability 
(Saini & Keum 2018). Hydroxyl carotenoids (e.g. lutein and zeaxanthin), have higher 
thermal stability compared to carotenes, their reactivity in radical scavenging reactions 
decrease with a decreasing of the number of coplanar conjugated double bonds (Saini & 
Keum 2018; Xiao et al. 2018). For these reasons, β-carotene is less stable than β-
cryptoxanthin and both are less stable than zeaxanthin and lutein (Xiao et al. 2018). 
However, non-esterified carotenoids have also been reported as very unstable, such is the 
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case of β-cryptoxanthin which has a highly unsaturated structure and therefore is thermally 
unstable (Fu et al. 2010). Such thermal stability may be comparable to stability at low 
temperatures, in the present trial, for the kernels of both hybrids stored at -20 ºC, β-
cryptoxanthin was proportionally more affected than β-carotene, and this last one was 
more affected than zeaxanthin and lutein. According to Xiao et al. (2018), zeaxanthin (with 
more planar conjugated double bonds) is thermally more stable than lutein. However in the 
current trial, the zeaxanthin content in kernels stored at -20 ºC of both hybrids was more 
affected than lutein which was affected only in ‘Hybrix 5’. A possibly explanation for this 
higher reduction in zeaxanthin compared to lutein and the significant reduction of lutein 
only in ‘Hybrix 5’ is related to their major concentration in the hybrids. A similar observation 
was made by Weber (1987), who mentioned that after storage of corn for six months at 
room temperature, the individual carotenoid with higher initial concentration, in this case 
lutein, was the carotenoid with the greatest loss. 
In the literature, oxidative stress from reactive oxygen species (ROS) on plant tissues 
caused by chilling has been well documented (Wang 1989; Sala 1998; Mittler 2002). ROS 
causes breakdown of membranes and peroxidation of unsaturated fatty acids in the lipids 
of membranes catalysed by enzymes as lipoxygenases and peroxidases (Cao et al. 2009), 
such enzymes could also participate in the oxidation of carotenoids by a mechanism that is 
still not well understood (Carail & Caris-Veyrat 2006; Cazzonelli & Pogson 2010; Walter & 
Strack 2011) and documented.  
A series of antioxidant interrelated enzymes have been identified to control the metabolism 
of ROS, major ROS scavenging mechanisms include the enzymes superoxide dismutase 
(SOD) which acts converting superoxide anion radical (O2-) to hydrogen peroxide (H2O2), 
and the enzymes ascorbate peroxidase (APX) and catalase (CAT) that predominantly 
destroy H2O2 in water and oxygen (Mittler 2002; Cao et al. 2009). It is possible that storage 
at 4 ºC may have pre-conditioned kernels to avoid the detrimental effects of being stored 
directly at -20 ºC from the field after harvesting (Tables 6.1 and 6.2), probably by a 
mechanism that increase the activity of ROS scavenging enzymes.  
Oxidation of carotenoids could also occur through non-specific mechanisms as chemical 
oxidation or via specific enzymes for a family of carotenoid cleavage dioxygenases (CCDs) 
cleaving carotenoid double bonds to produce apocarotenoids (Walter & Strack 2011). 
However, carotenoids and particularly β-carotene and zeaxanthin, also have been related 
to protection from peroxidation and for having an active role to protect membrane structure 
(Domonkos et al. 2013). 
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A possible explanation to the changes observed during storage at -20 ºC is that slow 
freezing may cause membrane structural damage to some cells during the freezing 
process. This may result in the leaking of cellular contents from damaged cells, which 
could then oxidise carotenoids either non-enzymatically, or enzymatically oxidated through 
ROS or be cleaved by carotenoid cleavage enzymes, which may be still be active. Another 
possibility is carotenoids protection from peroxidation (particularly β-carotene and 
zeaxanthin) to keep membrane structure and fluidity. The observation that pre-storage at 4 
ºC may protect against carotenoid degradation at -20 ºC, may in fact indicate that activity 
of antioxidant enzymes has increased at 4 ºC or the activity of oxidative enzymes were 
made largely inactive at 4 °C, so that subsequent freezing damage at -20 ºC did not result 
in a mixing of carotenoid with active oxidative enzyme.  
A common practice for the industry is to blanch sweet-corn at about ~90 ºC for ~3 min and 
then to freeze it in a tunnel at ~ -20 ºC  for ~ 9 min (Scott & Eldridge 2005), the purpose of 
this practice is to be able to store corn at ~ -20 ºC for several months by inactivating 
enzymes, especially peroxidases and lipoxygenases that have been related to off-flavour 
(Garrote et al. 1987; More et al. 2018). Studies including blanching effect on CCDs are not 
documented, the industrial blanching practices may suggest that carotenoid retention 
could be related to inactivation of enzymes involved in ROS oxidative process, and 
probably these were the enzymes acting on carotenoid oxidation in the present study 
when cobs were stored directly at -20 ºC. Blanching in sweet-corn also have been 
reported to have a favourable effect in increasing carotenoid content compared to raw 
sweet-corn, this increasing have been related to carotenoid release from cells and food 
matrix (Mamatha et al. 2012; Junpatiw et al. 2013). Further studies are necessary to 
determine if blanching practices will be favourable to carotenoid retention in storage of 
zeaxanthin-biofortified sweet-corn and also to release carotenoids from possible bonds 
with protein (as explained in chapter 5). Such a finding can be extended to commercial 
practices.   
The present study has demonstrated that preconditioning at 4 ºC will be necessary to store 
sweet-corn at -20 ºC in the laboratory for at least three months, whilst storage at 4 ºC is an 
option to store sweet-corn up to 15 d in the laboratory and this can be scaled up for 
commercial storage practices of fresh sweet corn. 
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Table 6.4. Temperature effect on carotenoid profile of the zeaxanthin-biofortified sweet-corn hybrid ‘2-9x11-7’ and the 
commercial yellow sweet-corn hybrid ‘Hybrix 5’, stored at 4 ºC followed by storage at -20 ºC 
Carotenoid: μg g-1 (DW) 
 1Storage days at 4 ºC 
Hybrid 20 6 9 12 15 
α-carotene ‘Hybrix 5’ 1.6 ± 0.2 a 1.8 ± 0.1 a 1.6 ± 0.1 a 1.9 ± 0.2 a 1.7 ± 0.2 a 
 ‘2-9x11-7’ 2.2 ± 0.6 a 1.7 ± 0.1 a 1.7 ± 0.1 a 1.8 ± 0.1 a 1.7 ± 0.1 a± 
zeinoxanthin ‘Hybrix 5’ 5.4 ± 0.7 a 5.8 ± 0.8 a 5.5 ± 0.6 a 6.7 ± 1.0 a 5.2 ± 1.2 a 
 ‘2-9x11-7’ 3.7 ± 0.5 ab 4.3 ± 0.4 b 3.2 ± 0.2 a 4.4 ± 0.2 b 3.7 ± 0.4 ab 
lutein ‘Hybrix 5’ 28.3 ± 2.0 a 28.8 ± 1.2 a 30.1 ± 1.1 a 30.0 ± 1.6 a 26.7 ± 1.1 a 
 ‘2-9x11-7’ 9.4 ± 0.4 a 10.8 ± 0.5 b 9.8 ± 0.5 ab 10.2 ± 0.3 ab 10.8 ± 0.5 b 
β-carotene ‘Hybrix 5’ 2.7 ± 0.2 ab 2.9 ± 0.2 ab 3.5 ± 0.4 b 3.4 ± 0.6 b 2.4 ± 0.1 a 
 ‘2-9x11-7’ 7.4 ± 0.8 a 8.2 ± 0.4 ab 8.8 ± 0.5 ab 9.7 ± 0.6 b 9.0 ± 0.5 ab 
β-cryptoxanthin ‘Hybrix 5’ 3.1 ± 0.7 a 3.4 ± 1.1 a 3.2 ± 0.7 a 3.6 ± 0.8 a 3.0 ± 0.6 a 
 ‘2-9x11-7’ 6.2 ± 0.7 a 6.3 ± 0.4 a 6.6 ± 0.3 a 6.6 ± 0.4 a 6.1 ± 0.4 a 
zeaxanthin ‘Hybrix 5’ 7.5 ± 0.7 ab 7.0 ± 0.4 ab 7.3 ± 0.4 ab 8.2 ± 0.6 b 6.1 ± 0.4 a 
 ‘2-9x11-7’ 42.5 ± 1.6 ab 41.1 ± 1.5 a 43.7 ± 1.6 ab 45.6 ± 0.9 b 42.4 ± 1.5 ab 
antheraxanthin ‘Hybrix 5’ 4.6 ± 0.5 ab 5.1 ± 0.4 b 5.1 ± 0.4 b 3.7 ± 0.3 a 3.7 ± 0.2 a 
 ‘2-9x11-7’ 4.0 ± 0.3 a 3.6 ± 0.4 a 3.8 ± 0.4 a 3.8 ± 0.4 a 3.6 ± 0.4 a 
total 
carotenoid 
‘Hybrix 5’ 53.3 ± 3.4 ab 54.5 ± 2.7 ab 56.2 ± 1.8 ab 57.4 ± 3.0 b 49.2 ± 2.2 a 
‘2-9x11-7’ 75.5 ± 2.7 a 76.2 ± 2.1 a 77.3 ± 2.6 a 81.9 ± 1.4 a 77.2 ± 2.3 a 
DW: dry weight basis. Cobs were harvested at 28-32 DAP (autumn harvest). 1After each period of storage at 4 ºC, cobs were stored at -20 ºC for three months. 
2Initial value evaluated from kernels frozen at -80 ºC (Table 6.1). Different letters within a row for the same carotenoid and hybrid indicate significant difference 
according to Fisher LSD test (P < 0.05). Mean + SE, n = 12.
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Table 6.5. Carotenoid profile of the zeaxanthin-biofortified sweet-corn hybrid '2-
9x11-7' evaluated before and after 5 days of storage at 4 ºC followed by three 
months at -20 ºC 
Carotenoid 
µg g-1 (DW) 
Treatment 
1 d after harvest 5 d at 4 ºC followed by 3 months at -20 ºC  
zeinoxanthin 1.7 ± 0.6 1.9 ± 0.4  
lutein 10.6 ± 1.0  11.5 ± 1.9 
β-carotene 2.8 ± 0.3 2.9 ± 0.1  
β-cryptoxanthin 7.5 ± 1.4 6.4 ± 1.5 
zeaxanthin 37.3 ± 3.2 32.6 ± 4.8 
antheraxanthin 3.0 ± 0.7 3.0 ± 0.4 
total carotenoid  62.8 ± 4.3 57.8 ± 7.9 
DW: dry weight basis. Cobs were harvest at 21 DAP (summer harvest). DW = dry weight basis. Significant 
differences within a row for the same carotenoid were not found (P ˃ 0.05). Mean ± SE, n = 6 
Storage at 4 ºC did not significantly (p < 0.05) affect the external colour of the kernels, with 
colour remaining unchanged until the end of the storage period (Table 6.6). Colour 
differences were only noticed between the hybrids in which compared to the zeaxanthin-
biofortified sweet-corn, the commercial yellow sweet-corn has higher values of L*, C* and 
hue angle. This colour differences between zeaxanthin-biofortified sweet-corn hybrids and 
the commercial yellow sweet-corn was discussed in chapter 4.  
In this experiment colour was measure immediately after the storage periods at 4 ºC 
before freezing at -20 ºC for three months, this differs to the time of carotenoid evaluation 
of the same cobs, which were done after three months of frozen storage at -20 ºC. As 
carotenoid content did not change significantly, it is possible to conclude that neither 4 ºC 
treatments nor -20 ºC storage affected carotenoid content and probably this was reflected 
in the unchanged colour. However, as explained in chapter 5, the possibility exists that 
carotenoids in the external surface of kernels are bond to protein and may be more stable 
than carotenoids located internally in the kernel, and changes occurring internally in the 
kernel are not being reflected in the external kernel colour measurement. 
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Table 6.6. Effect of storage time on colour: L*, C* and hue angle of the zeaxanthin-
biofortified sweet-corn hybrid ‘2-9x11-7’ and the commercial yellow sweet-corn 
hybrid ‘Hybrix 5’stored at 4°C 
1Colour Hybrid 
Storage days at 4° C 
0 6 9 12 15 
L* 
‘Hybrix 5’ 75.1 ± 1.0 74.8 ± 1.3 74.1 ± 1.1 74.4 ± 1.2 73.9 ± 1.4 
‘2-9x11-7’ 72.7 ± 2.0 73.3 ± 1.4 71.8 ± 0.8 72.2 ± 1.6 72.3 ± 1.4 
C* 
‘Hybrix 5’ 53.7 ± 2.7 54.3 ± 2.0 54.3 ± 2.1 53.5 ± 1.9 52.3 ± 1.6 
‘2-9x11-7’ 47.8 ± 3.0 48.1 ± 1.8 48.5 ± 2.1 46.6 ± 3.1 46.7 ± 1.3 
hue 
‘Hybrix 5’ 87.7 ± 2.3 87.6 ± 1.9 88.3 ± 0.8 86.2 ± 1.4 87.9 ± 1.2 
‘2-9x11-7’ 78.6 ± 2.2 78.4 ± 2.1 77.1 ± 1.9 77.3 ± 2.7 77.5 ± 2.1 
Cobs were harvested at 28-32 DAP (autumn harvest). 1Colour was measured after each storage period at 4 
ºC (before frozen). Significant differences within a row for the same hybrid and colour variable were not 
found (P ˃ 0.05). Mean ± SE, n = 12 
6.4.2. Moisture content 
Initial moisture content (Table 6.7) for the zeaxanthin-biofortified and commercial yellow 
hybrids was significantly different, 71.9 % for ‘Hybrix 5’ and 73.7 % for ‘2-9x11-7’. As 
mentioned in previous chapters, in shrunken 2 sweet-corn the moisture content at 
optimum eating stage has been reported to be within the range 76 %-79 % (Szymanek 
2009), or ~72 % (Wann et al. 1971; Olsen et al. 1990). In this and previous experiments 
(Chapters 4 and 5), biofortified and non-biofortified sweetcorn within the moisture content 
range (72 %-76 %) has been confirmed to be at an optimum eating stage.  
No significant changes (p ˃ 0.05) in kernel moisture content were observed during the 
storage period for the zeaxanthin-biofortified hybrid (‘2-9x11-7’), however there was a 
trend (non-significant at p = 0.05) for moisture content to increase slightly during cool 
storage (4 ºC). Change in moisture content was more accentuated in the commercial 
yellow hybrid (‘Hybrix 5’), in which the initial moisture was lower than that measured during 
storage at 4 ºC. For ‘Hybrix 5’, moisture content changed significantly following this initial 
increase (Table 6.7). The average moisture content gained in ‘Hybrix 5’ during the storage 
time was 4.0 %, compared to 1.6 % gained in ‘2-9x11-7’. 
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Table 6.7. Effect of storage time at 4 ºC on moisture of the zeaxanthin-biofortified 
sweet-corn hybrid ‘2-9x11-7’ and the commercial yellow sweet-corn hybrid ‘Hybrix 5’  
Hybrid 
Storage time (days) 
0 6 9 12 15 
‘Hybrix 5’ 71.8 ± 0.4 a 75.0 ± 0.4 b 75.2 ± 0.5 b 74.2 ± 0.4 b 74.6 ± 0.4 b 
‘2-9x11-7’ 73.7 ± 0.6 a 74.8 ± 0.6 ab 74.3 ± 0.4 ab 75.4 ± 0.5 b 74.8 ± 0.6 ab 
Cobs were harvested at 28-32 DAP (autumn harvest). Moisture content (%). Different letters within a row for 
the same hybrid indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE, n = 12. 
In a second experiment from a summer harvest (2016) with the same hybrids (‘Hybrix 5’ 
and ‘2-9x11-7’) harvested at 20 DAP and stored at 20 ºC during 0, 2, 3, 6 and 9 d, a 
similar trend was observed (Table 6.8). The initial moisture content of ‘Hybrix 5’ was 
significantly different from the stored kernels, which gained approximately ~5.5 % in 
moisture content from an initial value of 72.5 % to a constant value during storage of 76.5 
%. Whilst initial moisture content in ‘2-9x11-7’ was not significantly different during the first 
3 days of storage, it continued to increase and was statistically higher at days 6 and 9, 
having a total increase of approximately ~6 % from an initial value of 73.5 % to a final 
value of 78 % at day 9. 
Table 6.8. Effect of storage time at 20 ºC on moisture content of the zeaxanthin-
biofortified sweet-corn hybrid ‘2-9x11-7’ and the commercial yellow sweet-corn 
hybrid ‘Hybrix 5’  
Hybrid 
Storage time (days) 
0 2 3 6 9 
‘Hybrix 5’ 72.5 ± 0.7 a 76.9 ± 0.5 b 76.5 ± 0.8 b 76.0 ± 2.0 b 76.7 ± 1.2 b 
‘2-9x11-7’ 73.5 ± 0.3 a 74.5 ± 0.9 ab 75.0 ± 1.2 ab 75.8 ± 2.4 bc 78.0 ± 1.7 c 
Cobs were harvested at 20 DAP (summer harvest). Moisture content (%). Different letters within a row for the 
same hybrid indicate significant difference according to Fisher LSD test (P < 0.05). Mean ± SE, n = 4. 
These results are also consistent with those of Olsen et al. (1990) in which two sugary (su) 
and one shrunken-2 (sh2) cultivar of sweet-corn stored for 10 days at 1 ºC, 4 ºC and 7 ºC 
exhibited significant P < 0.05 increases in moisture content from 0.99 % to 4.46 %.  
Interestingly, these changes in moisture were not reflected in any colour change, probably 
due to colour being measured only externally on the kernel surface, while the gain in 
moisture occurred mostly internally. 
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6.4.3. Carbohydrate concentration and total soluble solids  
The effect of storage time at 4 ºC on sugars and starch concentration is shown in Table 
6.9. Differences in the initial content of sugars between the hybrids ‘Hybrix 5’ and ‘2-9x11-
7’ was limited to fructose and glucose, in which ‘Hybrix 5’ had significantly higher values of 
these sugars. Initial content of sucrose, total sugars and starch were not significantly 
different between the hybrids. In both lines, sucrose content was considerably higher than 
fructose and glucose. Sucrose accounted 87 % of the total sugar concentration in ‘2-9x11-
7’ and 78 % in ‘Hybrix 5’, these values were similar to those reported by Garwood et al. 
(1976) in sh2 (77 %). 
In the present study sucrose was the higher sugar but its relative concentration in both 
hybrids were different, in ‘2-9x11-7’ the sucrose:glucose ratio was 17:1, and the 
sucrose:fructose ratio was 12:1, by contrast, both ratios in ‘Hybrix 5’ were 7:1. 
In ‘Hybrix 5’, storage at 4 ºC had a significant effect on the content of fructose and glucose 
with an average decrease during storage of 20 % and 21 % respectively, while sucrose 
and total sugar remained unchanged until the end of the storage period (15 days). By 
contrast, fructose, glucose and starch remained unchanged in ‘2-9x11-7’, whilst storage 
time had a significant effect on sucrose and total sugars, which in average decreased by 
27 % and 32 %, respectively. 
A similar result to that found in ‘2-9x11-7’ was reported by Olsen et al. (1990), who 
mentioned a decrease in sucrose (21 %) and total sugar concentration (15 %) in a sh2 
sweet-corn after 4 and 10 d of storage at 4 ºC, while the content of fructose and glucose 
did not change. 
A possible explanation to the sugars differences between hybrids may be due to a 
continue flux conversion of sucrose into reducing sugars (glucose and fructose) in ‘2-9x11-
7’ in which glucose concentration is constant as it is probably being produced as it is being 
used for respiration. Whilst in ‘Hybrix 5’ sucrose conversion into reducing sugars may 
occurs at different timing and once it was converted, the only noticeable reductions were in 
reducing sugars as they were used for respiration. Reducing sugars have been reported to 
be unchanged under storage at 0 ºC of sh2 sweet-corn (Evensen & Boyer 1986), this 
report is similar to what was observed in ‘Hybrix 5’ but not in ‘2-9x11-7’. Sugar results from 
the present study suggest that even when both hybrids have the sh2 gene, the metabolism 
of sugars and respiration rate is probably different, however further studies will be 
necessary to corroborate this. 
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In the current study, starch remained unchanged during 15 days of storage at 4 ºC, which 
contrasts to the results of Olsen et al. (1990) who reported a trend towards an increase of 
19 % in starch in a sh2 sweet-corn stored at 4 ºC for 10 d, and Manleitner et al. (2001) 
who reported decreases in starch content in a sh2 sweet-corn wrapping in different types 
of films and stored for 20 d at 5 ºC. The starch content in the present trial was higher than 
the content reported in chapter 5, it is important to take into account that the results 
presented in chapter 5 were from kernels harvested in summer, whilst in the present trial 
were from kernels harvested in autumn. These results may suggest that starch is highly 
influenced by season, however further studies will be necessary to corroborate this. 
The effect of storage time at 4 ºC on total soluble solids (TSS) is shown in Table 6.10. The 
zeaxanthin-biofortified hybrid had a significantly higher initial value than ‘Hybrix 5’. In both 
hybrids, the TSS gradually decreased until the end of the storage period (15 d) by which 
the TSS content was not significantly different between the hybrids. This decrease in TSS 
at the end of the storage period was greater in ‘2-9x11-7’ (19 %) compared to ‘Hybrix 5’ (8 
%). 
The decreasing in TSS and carbohydrates observed may have been related to the gain in 
moisture that occurred in both hybrids (Table 6.7). A possible reason for this gain in 
moisture was given by Doty (1945) who suggested water could be formed by respiration, 
and condensation of sugars to polysaccharides. Due that sh2  gene blocks the starch 
synthesis (Laughnan 1961), in the present study the sugar reduction and gain in moisture 
could be related to the respiration process instead of starch accumulation. A similar 
approach was given by Styer and Cantliffe (1983), who observed sugar decreases during 
the drying process of sh2 seeds at 30 ºC and suggested the sugar loss could be as a 
result of kernel respiration or conversion of sugars into products that were different  to 
starch. It may be possible that in the present trial, the gain in water could be as a result of 
metabolic processes including respiration, and as such water production rate was higher 
than the dehydration rate, however further studies would be needed to corroborate this. 
Sugar content and TTS were the only parameters from this study that were negatively 
affected by storage at 4 ºC. A study in a sh2 sweet corn demonstrated that even when 
sugars decreased after 4 d at 27 ºC the sugar content was still as high as fresh su sweet-
corn (Garwood et al. 1976). As sugar content and specially sucrose play the main role to 
improve consumer satisfaction (Evensen & Boyer 1986) sensory studies will be necessary 
to determine if the sugar changes observed in the present study will affect the perception 
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and acceptance by consumers of zeaxanthin-biofortified sweet-corn after being stored at 4 
ºC. 
Table 6.9. Effect of storage time at 4 ºC on carbohydrate concentration of the 
zeaxanthin-biofortified sweet-corn hybrid ‘2-9x11-7’ and the commercial yellow 
sweet-corn hybrid ‘Hybrix 5’  
*Carbohydrate  Hybrid 
Storage time (days) 
10 6 15 
fructose 
‘Hybrix 5’ 3.0 ± 0.1 b 2.3 ± 0.1 a 2.4 ± 0.1 a 
‘2-9x11-7’ 1.9 ± 0.2 ab 2.3 ± 0.3 b 1.3 ± 0.1 a 
glucose 
‘Hybrix 5’ 2.9 ± 0.1 b 2.2 ± 0.2 a 2.4 ± 0.1 a 
‘2-9x11-7’ 1.3 ± 0.2 a 1.6 ± 0.5 a 1.1 ± 0.1 a 
sucrose 
‘Hybrix 5’ 20.4 ± 1.0 a 21.6 ± 1.5 a 19.0 ± 0.8 a 
‘2-9x11-7’ 21.9 ± 0.6 b 17.2 ± 1.1 a 14.7 ± 1.2 a 
total sugars 
‘Hybrix 5’ 26.3 ± 1.1 a 26.1 ± 1.8 a 23.8 ± 1.0 a 
‘2-9x11-7’ 25.0 ± 0.9 b 21.1 ± 1.8 ab 17.1 ± 1.3 a 
starch 
‘Hybrix 5’ 35.1 ± 1.4 a 36.3 ± 0.9 a 34.3 ± 1.0 a 
‘2-9x11-7’ 41.7 ± 0.9 a 41.2 ± 3.0 a 39.4 ± 2.2 a 
*Carbohydrate: g 100 g-1 (dry weight basis). Cobs were harvested at 28-32 DAP (autumn harvest). Different 
letters within a row for the same hybrid and carbohydrate evaluation indicate significant difference according 
to Fisher LSD test (P < 0.05). Mean + SE, n = 6. 1Initial evaluation was done one day after harvest. 
Table 6.10. Effect of storage time at 4 ºC on TSS of the zeaxanthin-biofortified sweet-
corn hybrid ‘2-9x11-7’ and the commercial yellow sweet-corn hybrid ‘Hybrix 5’ 
Hybrid 
Storage time at 4 °C (days) 
10 6 9 12 15 
‘Hybrix 5’ 12.6 ± 0.5 b 12.1 ± 0.3 ab 11.4 ± 0.6 a 12.0 ± 0.4 ab 11.6 ± 0.2 a 
‘2-9x11-7’ 13.6 ± 0.2 c 12.6 ± .6 bc 11.7 ± 0.8 ab 10.9 ± 0.8 a 11.1 ± 0.2 ab 
TSS: total soluble solids (%). Cobs were harvested at 28–32 DAP (autumn harvest). Different letters within a 
row for the same hybrid indicate significant difference according to Fisher LSD test (P < 0.05). Mean + SE, n 
= 12. 1Initial evaluation was done one day after harvest.
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CHAPTER 7 General conclusions and recommendations 
The zeaxanthin-biofortified hybrids, ‘14-6x10-3’, ‘23-6x2-9’, ‘23-7x1-1’ and ‘2-9x11-7’ have 
been shown to have a high concentration of zeaxanthin up to 26 μg g-1 (FW), which was in 
the range targeted for these hybrids 2 mg 100 g-1 (FW). Nevertheless, under autumn 
growing conditions, the target zeaxanthin concentration was not reached by any hybrid, it 
is recommended that if this target is to be attained, research will be needed to further 
investigate the impact of cooler growing conditions on carotenoid accumulation. A 
possibility may be to plant progressively later in the summer to evaluate until what date 
cooler field temperatures would start to affect zeaxanthin and carotenoid accumulation. 
The link between meteorological conditions and carotenoid accumulation data generated 
in this thesis would be potentially useful as a guide to predicting hybrid performance under 
different temperature regimes in the field. In particular, the hybrid ‘14-6x10-3’ showed a 
higher zeaxanthin concentration and carotenoid accumulation in the autumn growing 
season, which may indicate that this hybrid has a higher potential for planting under cooler 
field temperatures compared to the other zeaxanthin-biofortified hybrids. 
Further studies are needed to be performed to confirm the optimum maturity stage for 
consumption as proposed in this thesis (72–76 % moisture content). As sweet-corn is 
eaten as a fresh vegetable, both tenderness as well as carotenoid content need to be 
considered. Ideally, carotenoid content (on a fresh weight basis) should be maximised, but 
not at the expense of reducing tenderness acceptability. The differences in zeaxanthin and 
total carotenoid accumulation between the autumn and summer harvest also should be 
taken into account in the establishment of the commercial eating stage for fresh 
consumption. Particularly in autumn, the option of using cobs with kernels of more 
advanced maturity, with an associated higher zeaxanthin and total carotenoid 
accumulation, should be measured against an associated potential loss in eating quality. 
However, where eating quality is not a priority, accumulation of greater zeaxanthin and 
total carotenoid concentration in kernels at more advanced stage of development (beyond 
the optimum eating stage) could have potential use for food additives or in industrial 
extractions to create zeaxanthin supplements. 
In addition to a high zeaxanthin content, the carotenoid profile in the zeaxanthin-biofortified 
hybrids was shown to have a high concentration of provitamin-A carotenoids, particularly 
β-cryptoxanthin (up to 29 μg g-1) and β-carotene (up to 23 μg g-1), which was similar or 
higher than the target of some breeding programs (15 μg g-1 of provitamin-A carotenoids) 
for biofortified provitamin-A maize. Generally, however, deficiencies in vitamin-A is not a 
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serious issue in Australia or other developed countries due to the availability of good 
sources of β-carotene (e.g. carrot, pumpkin, sweet potato) in the diet. This peculiarity of 
the zeaxanthin-biofortified hybrids to accumulate provitamin-A carotenoids, could 
nevertheless be potentially used either to introduce these hybrids to other countries with 
vitamin-A deficiencies, to use these hybrids in an industrial supplementation process, or to 
use the genetic material for other breeding programs. 
Besides high zeaxanthin and β-branch carotenoid content, and their differences in 
concentration under summer and autumn growing conditions, the carotenoid profile of the 
zeaxanthin-biofortified hybrids showed additional aspects that were worth noting. For 
example, aspects such as the similar accumulation of antheraxanthin during summer and 
autumn, and the peak timing in β-carotene that occurred at later stages of kernel 
development compared to other carotenoids, could be used in further studies to better 
understand and to fill gaps relating to the biosynthesis of carotenoids, enzymatic activity, 
carotenoid cleavage and degradation. 
Kernel position on the cob was also shown to have a significant effect, in which the kernels 
located at the tip-end of the cob had a significantly higher concentration of zeaxanthin, β-
cryptoxanthin and total carotenoid content. This was observed especially in kernels at an 
optimum stage of development for fresh consumption, and it was a trend for the other 
individual carotenoids assessed in this study. The discussion for these results suggested 
that kernels located at the tip-end of the cob are potentially exposed to higher 
temperatures during their development in the field, especially in summer. However, further 
studies will be needed to fully understand the physiological basis of this behaviour, and to 
corroborate if the same behaviour will be occurred in cobs harvested in autumn.  
The higher carotenoid and protein concentration in the zeaxanthin-biofortified hybrids 
(compared to the yellow sweet-corn) and its higher proportion of vitreous endosperm to 
starchy endosperm, suggested that carotenoids and zein protein could be correlated. The 
possibility exists that carotenoids could be bound to zein, and this association may 
potentially affect their bioaccessibility. Studies related to carotenoid bioaccessibility will be 
necessary to investigate this. Additionally, studies to measure carotenoid and protein 
contents of starchy and vitreous endosperms separately, and to evaluate the seasonal 
effect, and the importance of different sub-groups of protein, will be necessary to better 
understand the co-location and potential chemical binding between carotenoids and 
protein.  
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The postharvest storage temperature results showed that preconditioning at 4 ºC will be a 
necessary practice for experimental work before storing sweet-corn at -20 ºC. After 
preconditioning, carotenoids were shown to be stable at -20 ºC for up to three months. 
However, if cobs are needed to be stored for longer periods, further studies will be 
necessary to evaluate carotenoid retention beyond 3 months at -20 ºC. Preconditioning at 
4 ºC seems to be a feasible temperature, as most research and industrial facilities have a 
4 ºC fridge or storage room. It is probable that other temperatures close to 4 ºC would 
have a similar preconditioning affect, however further studies would be needed to confirm 
this. Cobs stored at 4 ºC up to fifteen days shown to retain their carotenoids content and 
visual quality (moisture and external colour), however a reduction in sugars was recorded. 
This aspect should be analysed with sensorial panels to ensure sweetness perception will 
not affect quality if storage at 4 ºC will be a commercial practice for zeaxanthin-biofortified 
sweet-corn. 
The carotenoid profile was found to differ according to the kernel position along the cob. 
The effect of storage temperature on the carotenoid profile was evaluated on a 
representative kernel sample from the middle of the cobs, however the possibility exists 
that storage temperature may affect the carotenoid content of kernels positioned along the 
cob differently. Further studies would be necessary to corroborate this. 
In the current research, the tested hypothesis has been proven. This study has shown that 
factors affecting carotenoids in zeaxanthin-biofortified hybrids can be potentially 
manipulated to maximize zeaxanthin and total carotenoid content. Genotype, kernel 
maturity, and environmental conditions have shown to have a significant impact on 
carotenoid biosynthesis and accumulation. In addition, the influence of kernel position on 
the cob may also be potentially utilised to identify kernels on the cob with higher 
zeaxanthin content, if a specific threshold of zeaxanthin concentration is required.  
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APPENDICES 
Appendix 1. Meteorological conditions per harvest at Gatton Research Facility 
Legend description 
Week: week number, weekly data (mean, minimum and maximum) from planting to 
harvest. Cumrain: Precipitation (mm). Airt: Air temperature (°C). Dewpt: Dew point 
temperature (°C). RH: Relative humidity (%). GSE: Global solar exposure (amount of solar 
energy falling on a horizontal surface (MJ/m2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Summer 2014* 
week  Summary cumrain airt  dewpt  RH   GSE 
36 Mean    0 15.01 2.06 46.36 19.7 
36 Minimum 0 13.71 -2.8 33.42 15.8 
36 Maximum 0 17.32 6.6 62.98 21.4 
37 Mean    0.09 16.67 9.43 66.66 16.5 
37 Minimum 0 14.7 3.96 47.71 11.7 
37 Maximum 0.63 18.43 12.25 75.85 22.2 
38 Mean    0.43 17.17 7.19 58.09 21.83 
38 Minimum 0 15.69 1.15 38.76 19.8 
38 Maximum 2.2 18.29 11.03 73.29 23.8 
39 Mean    0.92 17.8 10.86 67.17 17.26 
39 Minimum 0 16.1 8.99 57.63 13.8 
39 Maximum 3.09 19.31 13.16 79.55 22 
40 Mean    0 19.79 11.16 62.4 21.8 
40 Minimum 0 18.42 9.3 52.94 15.7 
40 Maximum 0 22.93 13.43 67.6 24 
41 Mean    0 20.92 11.85 60.38 22.73 
41 Minimum 0 20.02 10.05 57.13 17.5 
41 Maximum 0 23.48 13.26 63.19 24.6 
42 Mean    0.94 19.6 8.95 55.53 25.2 
42 Minimum 0 16.26 3.7 45.17 22.3 
42 Maximum 4.07 21.36 14.18 71.25 27.1 
43 Mean    0 20.6 11.61 60.7 25.64 
43 Minimum 0 19.08 9.68 58.42 15.2 
43 Maximum 0 23.4 13.86 64.21 27.8 
44 Mean    0.01 25.96 14.79 56.31 26.01 
44 Minimum 0 23.3 11.75 47.08 21.3 
44 Maximum 0.05 28.21 17.12 63.81 27.7 
45 Mean    0.95 22.88 14.38 62.11 23.83 
45 Minimum 0 21.63 12.04 56.42 11.6 
45 Maximum 3.25 24.95 17.13 71.81 28.3 
46 Mean    0 25.29 15.64 60.26 27 
46 Minimum 0 23.39 13.9 50.98 23.6 
46 Maximum 0 29.88 16.94 64.73 29.7 
47 Mean    2.13 27.69 17.84 59.55 22.79 
47 Minimum 0 25.11 13.84 38.34 14.8 
47 Maximum 7.5 31.76 20.32 74.51 28.5 
48 Mean    0.51 25.88 17.03 62.11 24.66 
48 Minimum 0 22.99 12.77 55.84 16 
48 Maximum 1.79 29.26 19.06 69.4 29.9 
49 Mean    2.48 24.03 16.22 65.26 20.7 
49 Minimum 0 22.7 12.1 54.46 8.9 
49 Maximum 10.18 26.52 19.71 83.9 31 
50 Mean    8.48 24.39 20.09 78.76 18.3 
50 Minimum 0.95 21.15 18.44 72.98 10.7 
50 Maximum 18.5 25.53 21.04 85 28.9 
136 
Autumn 2015* 
week  Summary cumrain airt  dewpt  RH   GSE 
6 Mean    0 23 15.72 65.05 22.45 
6 Minimum 0 22.56 15.45 62.5 21.2 
6 Maximum 0 23.43 15.99 67.6 23.7 
7 Mean    0.3 23.69 17.22 69.32 21.71 
7 Minimum 0 22.83 15.37 64.63 15.8 
7 Maximum 0.99 24.37 18.03 73.31 26.8 
8 Mean    3.66 23.52 18.28 74.57 15.2 
8 Minimum 0 22.03 16.27 66.12 5.2 
8 Maximum 13.39 24.59 20.63 90.75 23.6 
9 Mean    0.48 25.01 19.43 72.95 22.74 
9 Minimum 0 24.07 18.4 69.83 19.5 
9 Maximum 2.28 25.68 20.21 77.75 24.1 
10 Mean    0 25.62 18.46 67.76 23.61 
10 Minimum 0 24.2 16.59 56.69 18.2 
10 Maximum 0 28.12 19.98 73.15 25.5 
11 Mean    0 24.51 17.69 68.32 22.19 
11 Minimum 0 22.63 14.15 61.65 19.5 
11 Maximum 0 25.98 19.55 71.4 24.3 
12 Mean    0.61 24.13 17.08 68.35 18.44 
12 Minimum 0 21.83 12.51 57.52 5.6 
12 Maximum 1.89 27.2 21.67 85.12 23.7 
13 Mean    2.5 24.47 19.35 75.92 17.4 
13 Minimum 0 22.68 17.08 66.2 10.2 
13 Maximum 6.44 26.72 22.21 84.2 21.9 
14 Mean    2.84 21.87 18.08 80.32 12.51 
14 Minimum 0 20.66 16.7 69.9 9.6 
14 Maximum 10.54 23.08 20.16 87.08 19.7 
15 Mean    2.14 20.39 12.86 65.06 18.57 
15 Minimum 0 18.07 6.32 47.18 12.9 
15 Maximum 14.78 22.63 18.16 78.29 21.6 
16 Mean    0 20.24 14.8 73.48 17.66 
16 Minimum 0 19.49 13.67 69.65 13.7 
16 Maximum 0 21.08 16.88 78.58 20.1 
17 Mean    0.53 17.88 11.71 69.88 15.21 
17 Minimum 0 14.08 6.94 58.52 3.9 
17 Maximum 1.85 21.48 18.07 85.54 19.6 
18 Mean    8.69 16.67 10.48 70.11 13.16 
18 Minimum 0 15.69 4.74 43.05 2.9 
18 Maximum 28.86 18.14 14.79 92 18.9 
19 Mean    0.03 17.76 10.49 66.31 14.9 
19 Minimum 0 14.5 5.09 47.77 6.6 
19 Maximum 0.12 19.93 15.41 82.21 16.7 
20 Mean    0 15.3 6.02 57.26 15.91 
20 Minimum 0 12.62 0.27 44.6 14.1 
20 Maximum 0 17.17 10.25 68.9 16.6 
21 Mean    0.25 17.06 12.6 76.59 11.26 
21 Minimum 0 14.66 8.85 66.77 6.1 
21 Maximum 1.15 18.96 15.56 84.25 13.9 
22 Mean    0 15.51 11.18 77.42 13.59 
22 Minimum 0 14.44 9.06 70.77 12.7 
22 Maximum 0 18.17 13.78 83.19 14.7 
23 Mean    0 14.22 7.4 66.3 11.5 
23 Minimum 0 9.4 1.49 53.44 9 
23 Maximum 0 18.92 15.06 79.08 14.9 
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Summer 2015* 
week  Summary cumrain airt  dewpt  RH   GSE 
36 Mean    0.26 16.02 6.04 56.47 19.64 
36 Minimum 0 14.65 1.81 47.73 18.9 
36 Maximum 1.29 17.85 9.21 68.6 20.7 
37 Mean    0 16.61 8.47 63.26 17.59 
37 Minimum 0 14.91 2.55 43.6 13.2 
37 Maximum 0 18.21 12.25 74.38 21.8 
38 Mean    1.38 16.9 10.78 71.13 17.96 
38 Minimum 0 15.22 8.77 65.65 8.3 
38 Maximum 5.58 18.7 15.33 91 21.2 
39 Mean    0.07 16.42 7.32 60.31 21.63 
39 Minimum 0 14.04 3.24 44.63 19.9 
39 Maximum 0.29 19.74 11.52 70.96 24.4 
40 Mean    0.83 17.55 9.62 65.85 22.07 
40 Minimum 0 15.15 7.75 55 15.8 
40 Maximum 2.85 19.24 11.48 77.54 25.4 
41 Mean    0 20.71 9.34 53.98 22.84 
41 Minimum 0 19.71 4.77 43.04 16.6 
41 Maximum 0 21.71 13.43 62.63 26 
42 Mean    3.65 20.77 13.36 66.58 22.97 
42 Minimum 0 19.51 11.11 61.98 18.6 
42 Maximum 11.7 21.25 15.24 74.02 27.1 
43 Mean    0.92 20.44 13.41 67.49 21.44 
43 Minimum 0 19.45 12.02 62.67 13.2 
43 Maximum 3.38 21.1 15.08 73.9 27.3 
44 Mean    1.63 20.58 15.32 73.99 17.04 
44 Minimum 0 18.04 13.54 68.17 5.4 
44 Maximum 5.67 23.11 16.57 86.69 26.2 
45 Mean    4.14 24.01 17.25 69.19 23.64 
45 Minimum 0 20.54 13.46 65.04 20 
45 Maximum 20.22 25.65 19.18 75.73 27.6 
46 Mean    0.42 21.45 16.2 73.88 18.69 
46 Minimum 0 20.59 14.6 66.75 12.9 
46 Maximum 1.32 23.72 18.68 85.71 29 
47 Mean    0.28 23.63 14.8 62.43 26.5 
47 Minimum 0 20.49 13.29 54.04 20 
47 Maximum 1.24 27.4 16.38 72.45 30.3 
48 Mean    1.84 25.7 19.6 71.3 23.14 
48 Minimum 0 23.9 18.68 62.46 9.2 
48 Maximum 8.15 27.49 20.63 75.9 29.9 
49 Mean    0.72 23.6 17.47 71.02 22.39 
49 Minimum 0 20.96 13.07 62.71 5.2 
49 Maximum 3.37 26.35 20.94 87.15 30.1 
50 Mean    0.69 24.3 16.87 66.82 23.23 
50 Minimum 0 20.72 12.86 61.04 2.9 
50 Maximum 4.45 26.67 18.73 88.48 31.7 
51 Mean    1.56 22.48 16.61 72.41 21.86 
51 Minimum 0.08 20.76 15.08 66.06 6.6 
51 Maximum 4.14 24.05 18.69 82.98 31.2 
52 Mean    0 24.52 16.03 63.2 29.3 
52 Minimum 0 23.49 15.47 61.46 28.7 
52 Maximum 0 25.55 16.58 64.94 29.9 
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Autumn 2016* 
week  Summary cumrain airt  dewpt  RH   GSE 
6 Mean    0 23.94 15.83 63.63 24.8 
6 Minimum 0 23.13 15.6 62.06 24.1 
6 Maximum 0 24.65 15.96 66.19 25.6 
7 Mean    2.8 27.08 17.74 61.95 24.26 
7 Minimum 0 24.94 13.69 54.21 18.8 
7 Maximum 14.68 28.88 19.97 73.44 28.1 
8 Mean    0.01 25.6 17.01 62.42 24.29 
8 Minimum 0 24.27 16.24 57.4 22 
8 Maximum 0.08 27.24 18.02 65.13 27.1 
9 Mean    0 25.4 18.12 65.9 19.27 
9 Minimum 0 23.81 16.68 60.9 14.3 
9 Maximum 0 26.35 19.36 69.27 22.7 
10 Mean    0.98 24.44 18.66 72.67 16.49 
10 Minimum 0 22.97 17.16 65.04 11.1 
10 Maximum 3.75 25.1 20.46 80.73 21.9 
11 Mean    4 24.67 19.27 74.22 18.69 
11 Minimum 0.04 23.47 17.7 67.81 10.6 
11 Maximum 9.04 25.69 20.95 80.17 22.8 
12 Mean    1.36 23.2 16.96 70.36 19.64 
12 Minimum 0 21.47 15.78 66.29 16 
12 Maximum 3.84 24.58 18.2 73.63 22.7 
13 Mean    0.94 22.87 17.59 75.02 18 
13 Minimum 0 21.2 15.69 66.85 6 
13 Maximum 6.11 23.65 19.25 88.81 22.3 
14 Mean    0 22.46 15.39 67.61 19.13 
14 Minimum 0 21.03 13.65 64 15.4 
14 Maximum 0 23.25 16.77 70.08 21.3 
15 Mean    0.38 21.46 14.93 69.02 14.49 
15 Minimum 0 19.45 12.88 61.96 8.4 
15 Maximum 1.4 24.28 17.14 76.58 20.4 
16 Mean    0.05 21.63 14.65 68.14 18.07 
16 Minimum 0 20.85 14.09 62.41 15.2 
16 Maximum 0.26 22.44 15.33 70.63 19.4 
17 Mean    0.05 20.26 14.11 70.22 14.69 
17 Minimum 0 18.81 11.29 62.27 10.4 
17 Maximum 0.28 22.47 17.59 79 16.9 
18 Mean    0.91 20.52 14.71 72.89 15.59 
18 Minimum 0 18.69 11.58 61.46 11.4 
18 Maximum 4.32 22.5 19.04 81.6 17.4 
19 Mean    0 19.15 10.73 61.29 14.64 
19 Minimum 0 17.12 4.42 42.67 9.8 
19 Maximum 0 21.89 15.97 73.94 16.7 
20 Mean    0 17.82 8.83 60.3 14.23 
20 Minimum 0 16.55 3.02 41.65 10.6 
20 Maximum 0 18.89 10.54 66.29 16.3 
21 Mean    0.06 17.84 7.04 54.27 13.76 
21 Minimum 0 14.96 -0.89 38.79 11.6 
21 Maximum 0.43 19.27 12.98 69.69 14.5 
22 Mean    0.8 15.52 9.46 70.13 9.79 
22 Minimum 0 11.98 2.96 48.5 5.3 
22 Maximum 5.38 17.76 16.22 90.79 14.2 
23 Mean    0.75 15.71 7.85 61.78 12.42 
23 Minimum 0 14.52 6.14 58.46 10.1 
23 Maximum 2.52 19.1 9.68 71.11 13.9 
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Summer 2016* 
week  Summary cumrain airt  dewpt  RH   GSE 
36 Mean    1.92 17.23 12.5 75.95 12.94 
36 Minimum 0 16.35 9.4 66.56 8.3 
36 Maximum 8.66 18.03 15.86 87.51 17.2 
37 Mean    1.82 18.42 13.48 75.39 18.46 
37 Minimum 0 16.27 9.2 66.08 10.4 
37 Maximum 6.49 20.56 17.55 87.85 21.8 
38 Mean    1.49 17.53 11.17 69.4 15.94 
38 Minimum 0 16.44 7.61 53.83 5.1 
38 Maximum 3.72 19.07 17.23 89.44 23.6 
39 Mean    0.05 17.87 7.39 55.12 19.76 
39 Minimum 0 16.56 3.18 45.21 6 
39 Maximum 0.22 18.88 11.97 74.27 24.6 
40 Mean    1.18 18.3 6.97 53.59 21.9 
40 Minimum 0 16.49 3.02 37.48 4 
40 Maximum 4.2 20.45 13.32 76.82 25.3 
41 Mean    0 18.88 9.65 58.1 21.27 
41 Minimum 0 15.74 6.78 49.65 18.9 
41 Maximum 0 21.98 13.89 63.31 24.1 
42 Mean    0.43 19.45 10.41 60.76 22.93 
42 Minimum 0 17.47 5.96 50.63 17.1 
42 Maximum 1.58 20.99 13.75 69.19 26.7 
43 Mean    0.11 20.21 9.66 55.5 24.33 
43 Minimum 0 16.59 3.22 47.27 18 
43 Maximum 0.55 22.82 14.75 64.04 27.3 
44 Mean    0.34 22.87 11.27 54.15 22.9 
44 Minimum 0 21.58 5 36.63 15.1 
44 Maximum 1.35 24.99 15.24 69.4 28.6 
45 Mean    1.95 25.04 14.48 58.58 23.31 
45 Minimum 0 23.48 0.59 23.02 18.9 
45 Maximum 7.94 26.4 19.5 77.92 28.6 
46 Mean    1.3 22.61 11.28 53.69 26.61 
46 Minimum 0 19.9 3.76 27.73 23.5 
46 Maximum 9.03 27.93 15.75 65.42 29.4 
47 Mean    0 23.87 13.07 57.13 26.59 
47 Minimum 0 22.12 10.45 50.08 13.5 
47 Maximum 0 26.64 16.53 64.48 30.1 
48 Mean    2.95 24.53 16.57 66.1 27.81 
48 Minimum 0.67 22.74 14.68 61.84 24.4 
48 Maximum 6.83 26.89 20.02 70.64 31 
49 Mean    3.17 26.3 19.18 68.02 19.33 
49 Minimum 0 23.28 15.42 60 7.2 
49 Maximum 8.4 29.68 21.56 82.51 31.1 
50 Mean    0 23.43 14.28 60.57 29.12 
50 Minimum 0 22.04 13.55 59.4 23 
50 Maximum 0 25.73 16.06 61.88 31.4 
 
 
*Calculated from hourly data provided by the Bureau of Meteorology, Australian Government. Station 040082 
University of Queensland, Gatton. 
140 
Appendix 2. Carotenoid standard curves 
 
Summer harvest, 2014. 
 
Lutein standard curve (summer 2014) 
Dilutions 
Concentration 
(µg/mL) Peak area 
1 9.8880 2169108 
2 4.9440 1003726 
3 2.4720 431419 
4 1.2360 209559 
5 0.6180 118128 
6 0.3090 52905 
 
Zeaxanthin standard curve (summer 2014) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 12.5627 2579753 
2 6.2814 1047143 
3 3.1407 458873 
4 1.5703 197435 
5 0.7852 95070 
6 0.3926 42725 
7 0.1963 18266 
 
β-cryptoxanthin standard curve (summer 2014) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 6.2721 752385 
2 3.1360 311437 
3 1.5680 129501 
4 0.7840 53193 
5 0.3920 24540 
 
 
 
 
 
 
 
 
β-carotene standard curve (summer 2014) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 5.8200 754263 
2 2.9100 304509 
3 1.4550 133996 
4 0.7275 49715 
5 0.3638 21021 
6 0.1819 6893 
7 0.0909 2123 
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Autumn harvest, 2015 
 
Lutein standard curve (autumn 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 9.5797 3090061 
2 4.7899 1476768 
3 2.3949 697936 
4 1.1975 374312 
5 0.5987 173384 
6 0.2994 83910 
 
Zeaxanthin standard curve (autumn 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 12.6534 5590275 
2 6.3267 2710985 
3 3.1633 1246659 
4 1.5817 592535 
5 0.7908 288088 
6 0.3954 145905 
7 0.1977 69411 
  
β-cryptoxanthin standard curve (autumn 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 6.6598 2505560 
2 3.3299 1121897 
3 1.6649 520294 
4 0.8325 248769 
5 0.4162 123932 
  
β-carotene standard curve (autumn 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 6.498981 2261332 
2 3.249490 1065364 
3 1.624745 471753 
4 0.812373 221190 
5 0.406186 105832 
6 0.203093 50581 
7 0.101547 24196 
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Summer harvest, 2015  
 
Lutein standard curve (summer 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 14.7575 3815207 
2 7.3787 1902368 
3 3.6894 960023 
4 1.8447 484267 
5 0.9223 243095 
6 0.4612 120052 
 
Zeaxanthin standard curve (summer 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 24.0237 6087479 
2 12.0119 3029626 
3 6.0059 1525184 
4 3.0030 752381 
5 1.5015 378659 
6 0.7507 188930 
7 0.3754 95720 
 
β-cryptoxanthin curve (summer 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak 
area 
1 5.5671 1329729 
2 3.7021 783370 
3 1.8511 387067 
4 0.9255 186548 
5 0.4628 94482 
6 0.2314 45417 
 
β-carotene standard curve (summer 2015) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 6.864203 2107601 
2 4.117881 1076149 
3 2.058940 535710 
4 1.029470 266166 
5 0.514735 132407 
6 0.257368 64836 
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Autumn harvest, 2016  
 
Lutein standard curve (autumn 2016) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 9.8629 3901646 
2 4.9314 1631861 
3 2.4657 787435 
4 1.2329 388288 
5 0.6164 191430 
6 0.3082 118073 
 
Zeaxanthin standard curve (autumn 2016) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 12.9973 5704652 
2 6.4986 3019562 
3 3.2493 1490158 
4 1.6247 602108 
5 0.8123 314407 
6 0.4062 161308 
7 0.2031 75229 
 
β-cryptoxanthin standard curve (autumn 2016) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 13.7660 5488097 
2 6.8830 2873113 
3 3.4415 1393039 
4 1.7207 554143 
5 0.8604 284137 
6 0.4302 143157 
7 0.2151 65455 
 
β-carotene standard curve (autumn 2016) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 3.425103 1225054 
2 1.712552 587152 
3 0.856276 233409 
4 0.428138 116791 
5 0.214069 59034 
6 0.107034 27743 
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Summer harvest, 2016 
 
Lutein standard curve (summer 2016) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 12.9918 3323858 
2 6.4959 1610691 
3 3.2479 757072 
4 1.6240 376309 
5 0.8120 191551 
6 0.4060 98401 
 
Zeaxanthin standarad curve (summer 2016 ) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 15.7302 4104636 
2 7.8651 2026784 
3 3.9326 1008562 
4 1.9663 499549 
5 0.9831 249417 
6 0.3933 98328 
 
β-cryptoxanthin standard curve (summer 2016 ) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 5.5671 374123 
2 3.7021 217239 
3 1.8511 102653 
4 0.9255 48129 
5 0.4628 24848 
6 0.2314 11825 
 
β-carotene standard curve (summer 2016 ) 
Dilutions 
Concentration 
(µg/mL)  
Peak area 
1 4.9720 609855 
2 2.9828 355234 
3 1.4914 236058 
4 0.7457 120386 
5 0.3728 51272 
6 0.1864 24515 
7 0.0932 10557 
 
 
